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rFOREWORD 


By 1952, it was apparent to many workers in the field that the inven- 
tion of the transistor had stimulated the growth of an important new 
branch of electronics—transistor technology. Because of the keen in- 
terest of the defense agencies and at their request, Bell Telephone Lab- 
oratories and the Western Electric Company conducted a symposium on 
(ransistor technology in April of that year. The essential material of 
(his symposium was printed in a pair of classified volumes and dis- 
tributed to those who attended the symposium and to other authorized 
fgencies and personnel. 

The resulting texts attempted to present a state-of-the-art report on 
materials, structures, and fabrication techniques through the pilot-line 
phase. At that time, it was not possible to give all-inclusive details on 
ll procedures; rather the treatment stressed the fundamental principles 
involved and provided illustrations by selected current examples. It 
was hoped that such a treatment would be helpful to those entering the 
field, and further, that through the combined efforts of all participants 
transistor technology would advance more rapidly to the benefit of our 
national security and economy. 

Since that time material of the nature covered in the early volumes 
has been declassified. Moreover, new structures and processes of high 
promise have developed at an almost breath-taking rate as a result of 
the combined efforts of the many competent workers in the whole field. 
In the continuing belief that rapid dissemination of new technical knowl- 
edge will still further accelerate the growth of transistor technology, 
these new volumes are being published. The fundamental principles out- 
lined several years ago have demonstrated their soundness, and this evi- 
dence of their validity warrants their publication. Volume I of Tran- 
sistor Technology remains the basic framework as originally compiled 
but brought up to date by the inclusion of new knowledge. Volumes II 
and III provide additional modern developments in materials, structures 
and techniques to further illustrate the basic principles. Some of the 
important advances made by members of other organizations have been 
kindly contributed and appear in the Supplements along with the work 
of our own staff. We trust that we have duly acknowledged through 
appropriate references in the text the contributions made by all. 

It is our earnest hope that this new material compiled in one place will 
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be helpful to all workers in the field in their cooperative advance of the 
art. It is particularly hoped that it will be useful to university people 
who are desirous of increasing the number of scientists and engineers 
trained in this important and rapidly expanding branch of applied solid- 
state science. 


J. A. Morton 


Director of Device Development 
December 1957 Bell Telephone Laboratories 





PREFACE 


In Transistor Technology, Volumes II and III, approximately half the 
material is of a general nature with the remaining part about equally 
divided between information specific to germanium and silicon. Both 
volumes depend on Volume I of this three-volume work for the develop- 
ment of the fundamental concepts of transistors.and for descriptions of 
the earlier techniques and processes. 

Volume II is in two divisions: the technology of materials with special 
emphasis on silicon, and principles of transistor design. The information 
on single crystal semiconductor materials was chosen from the extensive 
literature in’ this area to suit the needs of the technologist. The princi- 
ples of device design proceed from considerations of diodes, through 
triodes to the more complex multiple junction switching devices and 
tetrodes. Chapters on radiation sensitive devices and field effect devices 
follow, as well as one paper on noise behavior. The second volume con- 
cludes with the important topic of the design implications of surface 
phenomena. 

Volume III is in four divisions, covering the preparation of junction 
structures, fabrication technology, measurements and characterizations, 
and reliability. The part on the preparation of junctions deals with 
principles of the techniques with specific information as examples. The 
fabrication technology part deals with the many~chemical processes in- 
cluding etching, photoengraving techniques and procedures for making 
contacts. The alloying and diffusion fabrication technologies are cov- 
ered in principle and by representative specific device information. 
Next is found information on measurement and characterization and the 
volume concludes with discussions on laboratory and field use reliability. 

Kach of the divisions has an editorial introduction to provide continu- 
ity and background for its organization. The multicomponent chapters 
also have editorial introductions which are of a more detailed nature, 
but have a similar aim. 

These two volumes of Transistor Technology have been made possible 
only by the cooperative efforts of many contributors, not only from the 
Bell Telephone Laboratories, but also from many other workers in the 
field, We are indebted to the I,.R.E., A.I.M.M.E. and The Electrochem- 
ical Society who kindly permitted us to republish papers which originally 
appeared in their journals, Each paper bears a notation of the original 
source, aa well ae the names of the authors, 
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The editor would like to give credit for the efforts of J. N. Shive, J. H. 
Scaff and H. E. Bridgers who arranged the early format for these volumes 
and particularly for the assistance of J. M. Early who helped with the 
format and who contributed many of the introductory statements. 
C. Pologe, K. M. Collins and A. R. Thompson provided the publication 
staff effort. Finally, credit is given to J. A. Morton who conceived the 
need for these volumes. 


F. J. Bronp1 
June 1958 Editor 
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INTRODUCTION TO TECHNOLOGY OF 
MATERIALS 


This division focuses on the materials properties which are of interest 
in the fabrication and operation of devices. It deals with the basic physi- 
cal properties, with the preparation of material, and with the effects of 
processing treatment on materials properties. The first chapter reviews 
the properties of silicon in considerable detail and an extensive bibli- 
ography is appended. 

The second chapter concentrates on properties of specific interest in 
transistors and transistor-like devices. These effects are discussed in a 
general way in the opening section which is followed by a number of 
highly practical papers taking up the control of lifetime in germanium 
and silicon and the removal of impurities from silicon. The final paper 
of the second chapter only introduces extensive work on recombination 
centers in silicon, full reports of which were not available when selections 
for these volumes were made. 

This division ends with a description of methods for growing essen- 
tially dislocation-free germanium and a discussion of a chemical etching 
technique for finding dislocations in silicon. Not included here is the 
extensive work of Faust+ and Dash? on dislocation-revealing etches, 
which were not available in publication form when this volume was being 
prepared. 

The purification of materials and the preservation of their properties, 
the removal of unwanted impurities by segregation into a liquid phase 
of a metal melting at a lower temperature than the semiconductor, is in- 
troduced in this volume. The topic is discussed further for germanium 
by Thurmond and Logan * and Kroemer ‘ and, more recently, for silicon, 
by Singleton and Silverman.» Damage to semiconductor materials dur- 
ing mechanical processing as discussed by Faust,* Buck and McKim’? is 
likewise not included, although it is of considerable importance. 


1J. W. Faust, Electrochemical Society Meeting, Cincinnati, Ohio, May 1955. 

2W.C. Dash, J. Appl. Phys., Vol. 27 (1956), p. 1193. 

3C. D. Thurmond and R. A. Logan, J. Phys. Chem., Vol. 60 (1956), p. 591. 

4H. Kroemer, Transistor I, RCA Labs., Princeton, N. J., 1956, p. 132. 

5J. B. Singleton and S. J. Silverman, Electrochemical Soc. Meeting, Buffalo, 
N. Y., October 1957. 

8 J. W. Faust, Electrochemical Society Meeting, Buffalo, N. Y., October 1957. 

7T. M. Buck and F. S. McKim, J. Electrochem. Soc., Vol. 103 (1956), p. 593. 
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Chapter 1 


RECENT ADVANCES IN SILICON * 


U'his chapter is a brief summary of progress in silicon. Mention 1s 
made of a number of recent developments in the preparation of silicon, 
the understanding of its properties, and its use in devices. A bibliography 
of literature to 1955 is included. 


INTRODUCTION 


Milicon is a semiconductor that promises to be of great practical im- 
portance, principally because its energy gap of 1.10 ev leads to two 
very important consequences. Firstly, the material becomes intrinsic 
al much higher temperatures (>200°C) than does germanium, so silicon 
devices will be operative under temperature ambients well in excess of 
(howe at which germanium devices are no longer usable. Secondly, the 
larger energy gap in silicon results in lower reverse currents for p-n 
junetions than for germanium. These currents for silicon are three orders 
of magnitude less than for germanium. This property is of great im- 
jorlance in many circuit applications. 

The purification of silicon is more difficult, however, than that of 
yermanium. The reasons for this are the higher melting point of silicon, 
ila high reactivity when molten, and unfavorable distribution coefficients 
foy certain impurities. Only recently has it been possible to purify silicon 
i the same degree as germanium. The intrinsic carrier concentrations 
uf silicon at room temperature are less than 101°/cm’, corresponding to 
aii intrinsic resistivity at 300°K of 230,000 ohm-cm. This means that in 
order to obtain intrinsic silicon, electrically significant impurities would 
live to be reduced to a concentration of less than 10!°/cm’, which is 
(livee orders of magnitude lower than the corresponding maximum im- 
purity concentration necessary to obtain intrinsic germanium. The best 
silicon that has been prepared to date is about two orders of magnitude 

* Originally published in Progress in Semiconductors, John Wiley & Sons, Inc,, 
New York, N, Y,, and Heywood & Co,, Sea London, 1956, 
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less pure than that required for intrinsic behavior. Steady progress, how- 
ever, has been made in the purification of silicon, and it is not unreason- 
able to expect that the preparation of single crystal intrinsic silicon may 
be feasible. Lifetimes in silicon have also been found to be high, crystals 
having been grown with lifetimes in excess of one millisec, so that in this 
respect, also, silicon compares favorably with germanium. On the other 
side of the picture, however, carrier mobilities in silicon are one-third to 
one-half those for germanium, and other factors being equal, this will 
generally result in poorer frequency limits for silicon devices. 

This chapter will review the present state of silicon—its purification 
and preparation, the understanding of its properties, and the state of de- 
velopment of silicon devices. No pretense is made that the material de- 
scribed is completely comprehensive. Much of the work that has been 
done in recent years is mentioned, however, and the bibliography includes 
references to most of the recent work. Of necessity, only brief men- 
tion is made of many interesting investigations. Of the material de- 
scribed in more detail, we have chosen arbitrarily to draw rather heavily 
on some of the work carried out by several of our colleagues at Bell 
Telephone Laboratories. 


SILICON PREPARATION 


PREPARATION OF HiGH-Purity POLYCRYSTALLINE SILICON. There are a 
number of methods that have been used for the preparation of raw silicon 
of high purity. Some of these methods have been discussed in a review 
by Lyon (Ref. 1), who gives references to much of the earlier work by 
Theuerer (Ref. 2), and by Von Wartenberg (Ref. 3). Ordinary com- 
mercial silicon is prepared in an electric arc furnace, silicon dioxide 
(sand) being reduced by carbon electrodes. This process can produce 
silicon that is about 97 per cent pure. If silicon of this purity is acid- 
leached, it may be purified further, to about 99.8 per cent. Fusion of 
silicon of this quality, with the addition of controlled impurities and 
with controlled directional solidification, produces material which is sat- 
isfactory for the production of point contact diodes. These diodes are 
extremely useful for radar and other microwave applications (Ref. 4). 
Such material, however, is not of sufficient purity to be of much interest 
in most semiconductor applications. Furthermore, because several ele- 
ments, notably boron, have unfavorable distribution coefficients in silicon, 
the zone-refining process which has been so useful for the purification of 
germanium (Ref. 5) cannot be used as efficiently to accomplish much 
purification of this type of silicon. Accordingly, other methods of puri- 
fication of the material have been investigated. These methods, in gen- 
eral, involve the preparation of a volatile silicon compound such as the 
hydride or one of the halides. This volatile compound is purified by 
fractional distillation, or by some suitable chemical method, and is then 
reduced to produce the final high-purity silicon, A number of these re- 
duction methods have been deseribed in literature, 
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Stock and Samieski have discussed the thermal decomposition of silanes 
(Ref. 6), and further work using this method has been carried out by 
several laboratories. 

The hydrogen reduction of silicon tetrachloride has been discussed by 
4 number of authors (Ref. 2, 7, 8). In this method, silicon tetrachloride 
(hat has been purified by fractional distillation is reduced on a hot sur- 
fuce, in the presence of hydrogen gas. Theuerer (Ref. 2) has described 
(i Apparatus using this method, in which the silicon is deposited on a 
‘antalum tape. Purities of the order of 1 part in 10° are achieved, the 
principal residual impurities being boron and phosphorus. This purity 
level corresponds to resistivities of approximately 100 ohm-cm. 

The principal method that has been used commercially to prepare 
\\iwh-purity silicon is the reduction of silicon tetrachloride by zinc vapor. 
‘his method, which is the basis for the Du Pont silicon process, has been 
(lincussed by Lyon et al. (Ref. 9). Fractionally distilled silicon tetra- 
ehloride and zine vapor of high purity are injected into a fused silica 
ronctor at 950°C. Operated as a batch process, approximately 15 lb 
of silicon are obtained in each run. The purities of the silicon obtained 
hy this process are not quite as high as those obtained in the hydrogen 
reduetion process and contain substantial amounts of zine as a contami- 
nant, The zine is easily removed, however, in any subsequent fusion 
of the silicon, because of its high vapor pressure. 

Milicon tetraiodide has also been used as a starting material for the 
foduction process. Litton and Anderson (Ref. 10) have recently de- 


seribed the preparation of silicon by the thermal decomposition of the 
judide in a DeBoer iodide cell. By using a modified iodide process, in 
which the fractionally distilled iodide was thermally decomposed in an 


intermittent flow system, they were able to prepare p-type silicon of 
40-200 ohm-em. 


CrystaL Grow1ne; ZoNE-REFINING. Various methods have been em- 
ployed to obtain single crystals from high-purity polycrystalline silicon. 
Vor example, attempts have been made to grow crystals from molten 
alloy phases; in particular from aluminum, silver and zinc (Ref. 3), 
gallium and indium (Ref. 11), tin (Ref. 12), and gold (Ref. 13). The 
aterial produced in this way is, in general, less pure than that obtained 
i other ways, and the preparation of single crystals of reasonable size is 
sually difficult. Consequently, these methods have been largely ex- 
perimental, 

The most widely used method is the crystal-pulling method of Teal, 
Little and Buehler (Ref. 14, 15, 16). Although the technique is 
hawlcally similar to that usually used for germanium, the higher melting 
point in the case of silicon makes necessary a modification.of the crucible 
syatem used, A number of crucible materials have been tried for sili- 
con, with varying degrees of success; the most generally satisfactory 
one has been found to be fused quartz, A typical erystal-pulling appa- 
ratue (Fig, 1) shows the basic similarity to germanium erystal-pullers, 
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sistance heaters of an appropriate material, such as graphite, avoids the 
hecessity for the RF induction unit. Many different sizes and shapes 
of crucibles can be used, and in some cases geometries for the elimination 
0! graphite from the system, or for the isolation of radiation shields, 
heaters, ete., from the silicon, have been incorporated. Single crystals are 
eusily grown by the pulling technique, and they range in size from 5 gm 


In the apparatus seen in Fig. 1, heating is by RF induction heating 
approximately a 10-kw RF induction heater being required for an appa- 
ratus capable of producing crystals of 50-100 gm size. A graphite sus- 
ceptor for coupling in the RF power is used, with a fused quartz liner to 
contain the silicon. This structure is supported on appropriate graphite 
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Fic. 1 Apparatus for pulling single-crystal silicon. (Buehler.) 


rods and is surrounded by a radiation shield. A quartz envelope permits 
control of the atmosphere, so that an inert gas can be passed over the 
silicon while the crystal is being grown. The temperature control is ob- 
tained by regulating the RF power input, so that the temperature of the 
graphite susceptor, as measured by a thermocouple, remains constant 
to within 0.1°C. The arrangements for inserting a single crystal seed, 
and the mechanism for pulling and rotating the seed during the growth 
are similar to those conventionally used for germanium, 

Many variations of this apparatus have been employed successfully, 
Different heating arrangements are possible; for example, the use of re- 


\i)) to 125 gm or more. Crystals may be grown in any of several orienta- 
(ions, the most commonly used being the <100> and <111> direc- 





Vin, 2 Single crystals of silicon. Top three are pulled crystals; bottom crystal 
was grown by “floating-zone” method. 


tions, Fig, 2 shows three examples of crystals grown by the pulling tech- 
Hique in an apparatus like that of Fig. 1, and displays various sizes and 
eliapes, Manual control of the pulling rate, and of the setting of the 
(wiiperature control system, is sufficient to keep the diameter reasonably 
fonstant, although programing can be used when it is desirable to have 
 wreater diameter control. Doping of the crystals can be accomplished 
with any of the Group III or Group V elements by injecting either the 
jive element or a piece of heavily doped silicon into the melt during 
growth, The most volatile of these elements, phosphorus and arsenic, 
ave partially lost from the melt during growth; nevertheless, reproduc- 
ible results are obtainable using these as doping agents. In doping with 
aluminum, oxidation must be avoided, since silicon will not reduce the 
oxide, In the case of boron it will, however, and no difficulties are en- 
fountered, The growth rates necessary to obtain single crystals range 
from about 10°" em/see to a maximum of about 10°" em/see, Random 
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fluctuations in the growth rate are of the order of 10-8 cm/sec, so that 
any attempts to pull at lower rates than this are impractical. These 
random fluctuations originate from such causes as thermal asymmetry of 
the melt, the chemical reaction between the molten silicon and the fused 
quartz crucible, and nonuniform wetting of the crucible which results in 
“hang-up,” or mechanical asymmetry of the melt. 

The reaction Si+ SiOz, = 2SiO proceeds continuously during the 
growth of a crystal, because the silicon monoxide produced is quite 
volatile at 1414°C. In the growth of a typical crystal, something of the 
order of 50 mg of fused quartz reacts in this way. Hence, any appreci- 
able concentration of impurities in the quartz will introduce impurities 
into the silicon melt. Because of the unfavorable distribution coeffi- 
cients of certain impurities in silicon, the most notable of which is boron 
with k ~ 0.9, when such elements are present as impurities in the quartz 
the resulting contamination of the melt will also result in contamination of 
the silicon crystal. The degree to which this occurs has been investi- 
gated in a series of experiments by Buehler and Maita (Ref. 17) at 
Bell Telephone Laboratories, in which approximately 15 crystals were 
grown, each from a new fused-quartz crucible. The crystals were 
analyzed by low-temperature Hall effect to determine donor and ac- 
ceptor concentrations, and it was found that the contamination from the 
quartz crucible, during the growth of a crystal, amounted to less than 
1 X 10% cm~® in all cases. This corresponds to p-type resistivities of 
approximately 300 ohm-cm. To what level of impurities any actual con- 
tamination may result is, as yet, not certain. 

Two methods of applying Pfann’s (Ref. 5) zone-refining technique 
have been used for silicon. These are zone-refining in a boat and the so- 
called “crucibleless” zone-refining. Silicon can be zone-refined in fused- 
quartz boats; methods for doing this have been developed by Horn 
(Ref. 18). Zone-refining in a boat has not yet been adopted as widely 
for silicon as for germanium, because of the possible danger of con- 
tamination from the fused quartz, but it is clearly advantageous for many 
problems. The apparatus for this method needs little elaboration. RF 
induction heating may be used to heat the silicon directly. The silicon 
is contained in a thin-walled fused-quartz boat in Horn’s method, thin 
walls being necessary to avoid the cracking of the silicon that would 
occur if thick-walled fused quartz were employed. The fused-quartz 
boat may be contained inside another quartz tube, to provide control of 
the gas atmosphere. Since the silicon cannot usually be heated directly 
from room temperature by RF induction heating at 450 ke (the frequency 
of most commercial induction heaters), preheating of the silicon in a 
furnace or by a gas torch is usually necessary in order to increase the 
silicon conductivity to the point where the RF induction heating can be- 
come effective. 

Another method that has been used for zone-refining is the crucibleless 
zone-refining, or floating-sone method, which has been described by 
Keok, Emeis, Miiller, and others (Ref, 19 to 26), Here the silicon rod 
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is vertical, and is held rigidly at both ends. The molten zone is sup- 
ported by surface tension forces, which limit the size of the rod to be 
refined to approximately 1 cm diameter. One molten zone at a time 
is passed through the silicon rod. Fig. 3 shows a schematic of the 
Apparatus used at Bell Telephone Laboratories by Theuerer and Whelan 
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I'1a. 3 Apparatus for floating-zone method. (Theuerer and Whelan.) 


(Itef, 2), In this apparatus, the silicon is heated directly by a single- 
turn RF induction coil operating at 5 me frequency. This frequency 
in used to provide greater stability of the molten zone than can be ob- 
tained at 450 ke. The silicon rod is cemented at both ends to silica 
support rods, and a fused-quartz envelope is used to control the gas 
almosphere. The whole apparatus can be lowered through the RF coil 
in order to move the molten zone through the rod. The advantage of this 
method, of course, is that there is no contact of the molten silicon with 
any crucible material, Single crystals can be grown by seeding the rod 
with a single crystal at one end, In order to produce single crystals, the 
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zone must move at a rate no greater than about 10-? cm/sec. For the 
preliminary zone-refining passes, somewhat faster movement of the 
zone is possible. Other workers who have used this method have some- 
times heated the silicon by the use of a radiation heater inside the quartz 
envelope and surrounding the silicon rod. This radiation heater may be 
heated either by resistance heating or by RF induction heating. Such 
methods are less desirable than the direct heating method, however, be- 
cause of the danger of contamination of the silicon by the radiation 
heater. 

A number of crystals have been grown by the floating-zone method 
at Bell Telephone Laboratories by Theuerer and Whelan, using the ap- 
paratus of Fig. 3. One of their rods is shown at the bottom of Fig. 2; 
this rod is approximately 1 cm in diameter, and the single crystal section 
is approximately 25 cm long. Using this method, they have prepared 
a silicon rod which showed a resistivity of 3000 ohm-cm and a lifetime 
in excess of 500 ysec. When analyzed by low temperature Hall effect, 
this rod was found to have an acceptor concentration Ny = 4 x 10” 
em~* and a donor concentration Np = 3 X 101! em-3. 

In order to use the floating-zone method, one must, of course, prepare 
the silicon in the form of a rod of approximately the desired final shape. 
Theuerer and Whelan in their experiments have generally used as start- 
ing material the hydrogen-reduced silicon described above (page 9). By 
sawing the rods lengthwise, the tantalum tape used for the deposition 
may be removed. Several of these half-rods are bundled together and are 
used as the starting material for the refining. If silicon in the form of a 
powder is to be used, the material must be prepared in the form of a rod, 
and this can be done by fusion, casting, or sintering. To utilize the float- 
ing zone most efficiently and obtain the highest possible purities, it is very 
important that this preliminary step be performed with the least possible 
contamination. 


PHYSICAL CHEMISTRY OF IMPURITIES IN SILICON 


A summary of many of the properties associated with impurities in 


germanium and silicon has been given by Burton (Ref. 27). 


DISTRIBUTION COEFFICIENTS. The distribution coefficient, defined as 
the ratio of the concentration of the impurity in the solid to that in the 
liquid at equilibrium, has been measured for a number of elements. The 
values for a number of these, as given by Burton, are shown in Table I. 
Two methods have been used for these determinations, radiotracers and 
conductivity measurements. In this table, the method used for the 
determination is indicated by R or C respectively. The value for iron, 
which is more recent, has been added to Burton’s table. 


So.upitities, Very few solid solubilities have been reported for im- 
purities in silicon, Fuller, Thurmond and Struthers, and others have re- 
ported the solubilities of copper, gold, and lithium (Ref, 28, 29), All of 
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TABLE I [after Burton (Ref. 27)] 


Element k = C,/Cr Method References 
B 0.9 C a,b 
Al => 0.004 Cc a,b 
Ga 0.01 R, C eb 
In 5 x 1074 R eb 
P 0.35 R, C eb 
As 0.3 R, C eb 
Sb 0.04 R, C eb 
Sn 0.02 R ¢ 
Cu 4x 10-4 R a 
Au 3 xX 10-5 Rk, C e 
Ta 10-7 R e 
Fe ~5 X 1074 R e 


« N. B. Hannay, unpublished results. 

"RN. Hall, J. Phys. Chem., Vol. 57 (Nov. 1953), p. 836. 

‘J, D. Struthers, private communication. 

“©, D. Thurmond and J. D. Struthers, J. Phys. Chem., Vol. 57 (Nov. 1953), p. 
Nil, 


(hose elements show retrograde solubilities, the solubility increasing with 
lomperature to a maximum value #, and then decreasing with a further 
increase in temperature. Thurmond (Ref. 28, 30) has shown that 
such behavior is to be expected for impurities of small k, from a con- 
sideration of the thermodynamics of dilute solutions, and this is be- 
lieved to account for the copper and gold solubility behavior. Struthers 
(ef, 87) has also measured the solubilities of iron in silicon over a 
limited temperature range, finding that the solubility increases sharply 
vver the range 1000-1300°C, from 10'* to 5 & 1016 em~-3, 

A particularly interesting study of solubility relationships in semicon- 
(luetors has been carried out by Reiss and Fuller (Ref. 31 to 34), who 
lve experimentally tested these relationships in silicon. Reiss applies 
(he law of mass action, in a manner similar to that familiar in the study 
of chemical reactions, to the interaction of donors and acceptors in semi- 
“onductors, where the following equilibrium holds: 


hole + electron = recombined pair. 


‘The effect of one impurity on the solubility of another will now be con- 
sidered; for purposes of illustration, the effects of the acceptor boron on 
(he donor lithium will be discussed. The addition of boron to the silicon 
jnoreases the concentration of holes in the system and drives the above 
equilibrium to the right, thus reducing the concentration of electrons 
i) the aystem, This removal of electrons, in turn, drives*the equilibrium 
Which determines the lithium solubility to the right, namely: 


Licoxtornal phase) 2 Lidin solid solution) 2 Lit + é. 


The not effect is thus to increase the solubility of lithium in the silicon, 
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By writing the mass action laws for the various equilibria involved, an 
expression is obtained relating the lithium solubility to its solubility in 
undoped silicon, the acceptor (boron) concentration, and the intrinsic 
concentration of holes and electrons in the silicon at the temperature of 
the experiment. Experiments carried out by Fuller and Reiss have 
shown quantitative agreement of the experimentally determined solu- 
bilities with the theoretically predicted values, over several orders of 
magnitude range in concentration. Some of their experimental results 


10!8 
EXPERIMENTAL. 

5 0 249°C NL= 6.16 x 1014 
© 310°C Nj =2.86 x 1015 
A 404°C Ny =2.06 x 1016 


———— THEORY 









































10!3 2 5 10'4 2 5 10'S 2 5 1016 2 5 10'7 2 5 1018 
A/cm3 
Fie. 4 Solubility of lithium in silicon vs boron concentration for three tempera- 
tures. (Reiss and Fuller.) 


are shown in Fig. 4. Their purpose in choosing boron and lithium was 
to select a system with an immobile acceptor, and with a donor which 
could be diffused in and brought to its equilibrium solubility rapidly 
and conveniently. These principles are equally applicable to germanium, 
and it may be easily seen how they will apply equally in determining 
the solubilities with any combination of donors and acceptors. 


Dirrusion Corrricients. Diffusion constants have been measured for 
several impurities in silicon. Fuller and Ditzenberger (Ref. 29) find that 
the diffusion of lithium into silicon follows the law: D = 9.4 X 107% exp 
(—18,000/RT); at 1000°C, for example, the diffusion coefficient is 
10~° cm?/sec. They have also studied the diffusion of boron and phos- 
phorus (Ref, 35), both of which follow the approximate law: D = 1 x 107% 
exp (—58,000/R7'); this corresponds to a value for D of about 107" 
om*/soo at 1000°C, Dunlap (Ref, 86) gives values for diffusion coeffi- 





Chapter 1: REcENT ADVANCES IN SILICON 13 


cients at 1100°C, for antimony (10~13 em?/sec, activation energy 80 kcal); 
boron (1071? em?/sec, activation energy 80 kcal); and for gold (1077 
om?/sec). Struthers (Ref. 37) has measured diffusion coefficients for cop- 
per (Door = 5 X 107* em?/sec); gold (Dgooe = 5 X 107*, Dyoooe = 
4X 1077, Dyzo0e = 1 X 107® em?/sec); and iron (Djo992 ~ 5 X 107% 
om?/sec). The Group III and V elements, being substitutional impurities, 
show very low diffusion coefficients. The much higher values observed for 
lithium, copper, gold, and iron are taken as evidence that they diffuse as 
interstitial impurities. 

The mobility of lithium ions in silicon has also been measured (Ref. 
48, 39). The lithium has been found to migrate as a single positive 
charge, and it has been shown to follow the Einstein relation, since the 
diffusion constant calculated from the observed mobility has been found 
(o agree with the measured diffusion constant (Ref. 29). 


KULK PROPERTIES OF SILICON 


PrysicaAL Properties. Various physical properties of silicon have been 
atudied. These will be discussed only briefly. Fine (Ref. 40) has meas- 
ured the coefficient of linear expansion, the compressibility, and has cal- 
dulated the specific heat difference (C, — C,) for silicon. Honig (Ref. 
41) has studied the sublimation of silicon in a mass spectrometer and has 
found that it vaporizes in clusters containing two, three, or more atoms, 
i“ well as in the monatomic state. From his data, he has been able to 
(aloulate the vapor pressure curve. Straumanis and Aka (Ref. 42) have 
iwade X-ray determinations of the silicon lattice parameters, the coeffi- 
vients of thermal expansion, and the atomic weight of silicon. Yu-Chang 
IInieh (Ref. 43) has discussed the vibrational spectrum and specific heat. 
MeSkimin et al. (Ref. 44) have measured elastic constants and their 
lomperature coefficients. Pearlman and Keesom (Ref. 45) have measured 
(he atomic heat of silicon below 100°K. The surface tension of silicon has 
heen reported by Keck (Ref. 19). Studies of the thermal conductivity 
lave been reported by Hull and Geballe (Ref. 46). Lyon (Ref. 1) has 
“immarized many of the physical properties of silicon and has included 
(hermodynamic quantities of interest. 


CnystaL IMprrrections. Several investigators have been interested 
in studies of imperfections in the silicon lattice. Bond (Ref. 47) has 
obtained X-ray rocking patterns of several silicon crystals, observing the 
\-ray intensity as a function of angle as the crystal is turned through a 
wmall angle in the neighborhood of Bragg reflection. The width of such 
4 curve is thus a measure of crystal imperfection. In general, his results 
show a high degree of perfection of the silicon lattice. One of his curves, 
shown in Fig. 5, indicates a line width of about 8 sec of arc, which is 
much less than has been generally obtained for germanium. His results 
miggont that the line width may not be entirely independent of such 
factors as crystal orientation and of crystal growth variables, such as 
the direction of growth and rotation or non-rotation during growth, Fine 


14 TECHNOLOGY OF MATERIALS 


and Gibbons (Ref. 48), in a study of elastic constants, have observed 
a difference in the behavior of C4, constant with temperature for differ- 
ent crystal growing conditions, also indicating the dependence of the 
perfection of the lattice on growth conditions. Dash (Ref. 49) has ob- 
served birefringence in the infrared in a number of silicon crystals and 
has found that the birefringence frequently shows patterns that are char- 
acteristic of the crystal growth conditions. In rotated crystals (crystals 
grown with rotation of the seed during pulling), birefringent stripes were 
found which were parallel to the growth interface; these may be due 
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Fig. 5. X-ray rocking curve for a silicon crystal. (Bond.) 


to fluctuations in the rate of growth of the crystal. Crystals that were 
not rotated during growth showed a more uniform birefringence. Both 
growth conditions frequently produced broad birefringent bands parallel 
to the axis of growth, which were probably due to strains resulting from 
non-uniform radial temperature distribution during the cooling of the 
crystal after growth. The birefringent stripes could be introduced de- 
liberately into the silicon by suddenly varying the temperature of the 
melt during the growth. 

Etch pits have been observed in silicon (Ref. 50, 51), but no reports 
have been given which relate their density to crystal growing conditions. 
Mayburg (Ref. 52), in studying heat treatment effects in silicon, has 
observed changes which he believes are due to interstitial silicon atoms 
frozen into the lattice during the crystal growing process. 

As yet, it has not been possible to describe the electrical behavior of 
silicon in detail in terms of structural variations of the type that have 
been described. The conditions of crystal growth have been found, 
however, to affect some electrical properties, Heat treatment and trap- 
ping effects, for example, are strongly dependent on rotation of the 
oryatal during growth and on eryatal diameter, 
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OpticaL Properties. A number of optical properties associated with 
the silicon lattice have been reported. Many of these have been de- 
scribed in a review by Burstein (Ref. 53). 

The optical transmission has been measured by Dash et al. (Ref. 54, 
55). The optical absorption constant for single crystal silicon was found 
(o be of the order of 105/cm for energies above about 1.5 ev. At about 
1,5 ev, the absorption curve shows a marked break and the constant drops 


ENERGY —> 


K [100] Axis 


Nig, 6 EUK) vs K along 100 axis for silicon. Energies are not to scale. (Herman, 
Ref. 73.) Structure shown here differs from that in the original publication. 


(o about 108 and is of this order of magnitude out to the cutoff energy of 
1,1 ev. These observations are consistent with the theoretical analysis 
wiven by Hall, Bardeen and Blatt (Ref. 56, 57). These authors have 
(lincussed the absorption process for silicon and germanium in terms of the 
electron energy band structure. This structure will be discussed in more 
(letail below and is shown in Fig. 6. This energy band diagram shows a 
iiinimum in the conduction band at a value of k different from zero, 
whereas the maximum in the valence band occurs at k = 0. The thermal 
energy gap, Yq, thus corresponds to a non-vertical transition. The opti- 
onl gap would be expected to be larger than the thermal. gap of 1.10 ev, 
if electronic transitions are restricted to vertical transitions. These 
authors have caleulated a finite probability for non-vertical transitions, 
which would explain the absorption in the region where the absorption 
constant is low, The break at 1,5 ev corresponds to the onset of direct 
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vertical transitions and hence the absorption constant is high, correspond- 
ing to the high probability of the transitions in the fundamental ab- 
sorption. 

The temperature coefficient of the shift in the optical absorption edge 
has been found by Fan and his co-workers (Ref. 58, 59) to be of the 
order of 4 x 10~* ev/deg, and this is in quite good agreement with the 
temperature coefficient of the shift in the energy gap as measured ther- 
mally (Ref. 60). Optical absorptions have been observed in the infra- 
red, in the range of 8-25 », which are due to lattice vibrations. The most 
recent of a number of investigations of this (Ref. 61) reports the tem- 
perature dependence of the absorption bands, and although the absorption 
mechanism is not understood in detail, it is clear that it is associated with 
the displacement of atoms in the lattice, from considerations of Lax and 
Burstein (see Ref. 53). The effect of pressure on the absorption edge has 
been measured (Ref. 59, 62) and, although the data disagree, it appears 
probable that the energy gap decreases with pressure. Free-charge carrier 
absorption has been observed in silicon beyond the intrinsic edge. This 
has been discussed by Burstein (Ref. 53). In p-type silicon, the absorp- 
tion by free holes shows no structure, such as was observed for germa- 
nium, presumably because of the relatively small spin-orbit coupling 
energy in silicon. 


FUNDAMENTAL STUDIES oF Carriers. A variety of important studies 
has contributed fundamental information about carrier behavior in sili- 
con. An approximate understanding of the energy band structure has 
resulted from some of these. 

Carrier mobilities have been determined by both drift measurements 
(Ref. 63, 64) and Hall effect (Ref. 60, 65). Prince (Ref. 64) has found 
at 300°K the drift mobilities »» = 500, and p, = 1200 cm?/v/sec. He has 
determined the temperature dependence for drift mobilities to be pp = 
5.5 X 10°7-15, and uw, = 2.4 & 1087-23. The silicon available to Prince 
was not as pure as is more recent material, but no new drift measurements 
have been reported. Hall mobilities reported by Debye and Kohane 
(Ref. 65) show a maximum value for Hall mobility, in high resistivity 
material, of 1900 em?/v/sec for electrons, and 425 em?/v/sec, for holes. 
The dependence of Hall mobility on impurity concentration is shown in 
Fig. 7, taken from the work of Morin and Maita (Ref. 60). The curves 
given by Debye and Kohane show a similar form, rising, however, to the 
higher maximum values quoted. The curves show the expected decrease 
of mobility with increasing impurity content due to the increase in ion- 
ized impurity scattering. 

Morin and Maita have studied the intrinsic range in silicon (Ref. 60). 
They have determined the conductivity mobility by observing carrier 
concentrations at temperatures below the intrinsic region, but sufficiently 
high to ionize all impurities, and find a departure from the T'-15 be- 
havior expected for acoustical mode scattering. The temperature de- 
pendence of the conductivity mobility for electrons went as T=", and 
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RESISTIVITY IN OHM-CENTIMETERS 
Ii. 7 Hall mobility vs resistivity (a) n-type silicon (b) p-type silicon. (Morin 
and Maita.) 


for holes as 7-2-3, Carrier concentrations were determined in the in- 
(vinsic range and were found to obey the equation 


np = 1.5 X 10°87 exp (—1.21/kT), 


at 700°K or below. At higher temperatures, charge carrier interactions 
shift Z,, and corrections have to be applied in order to compute the value 
np. The temperature dependence of the energy gap obeyed the relation 


E, = 1.21 — 3.6 X 10~*7, 


where it was assumed that the effective masses of both holes and electrons 
were equal to the electron mass. At 300°K, this gives an energy gap of 
1,10 ev. More recent values of lattice scattering mobility and effective 
masses of carriers would be expected to alter slightly some of these cal- 
culations, The temperature coefficient of the shift in the thermal energy 
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gap is in good agreement with the value given above for the temperature 
coefficient of the optical energy gap. 

Several experimental studies have contributed to an increased under- 
standing of the band structure of the silicon, together with theoretical 
studies by Herman (Ref. 66, 67) and others. Cyclotron resonance has 
been observed for both n- and p-type silicon (Ref. 68 to 70). Dexter, 
Lax, Kip and Dresselhaus (Ref. 68) have found, in n-silicon, with H in 
the [100] direction, a transverse mass m2* = 0.19 meter and a longitu- 
dinal mass m1* = 0.98 m, giving an average effective mass for electrons 
m* = 0.26 m, taking 

38m, *mo* 

2m,* + mo* 
Their studies were made on single crystal silicon at liquid helium tem- 
peratures, with optical excitation of the carriers, and the measurements 
were made with several crystal orientations. These results suggest a 
model for the conduction band, with the constant energy surfaces con- 
sisting of 6 ellipsoids on the [100] axis. This picture is in agreement with 
magnetoresistance (Ref. 71) and piezoresistance (Ref. 72) results. Dex- 
ter and Lax (Ref. 69) have measured cyclotron resonance in 7 silicon 
and have found two peaks corresponding to two hole masses. The aver- 
age values over three crystal orientations were found to be m,* = 0.16 
m and m2" = 0.52 m, with an average (statistical) mass m* = 0.39 m. 
These values are consistent with a valence band showing three degenerate 
bands, with the observed masses corresponding to two of these. The 
third band is split off by spin-orbit interaction, no resonance being ob- 
served for this band. This splitting is believed to be rather small in 
silicon, of the order of 0.02 ev fork = 0. These results, together with 
magnetoresistance measurements of Pearson and Herring (Ref. 71) and 
the piezoresistance studies of Smith (Ref. 72), who has determined the 
complete tensor piezoresistance of silicon and has given the pressure 
coefficient of resistivity and two shear coefficients, have led to the tenta- 
tive picture of the silicon energy bands shown in Fig. 6, as given by 
Heiman (Ref. 73). Several writers have discussed various phases of the 
band theory in silicon (Ref. 71, 73 to 79). Kittel (Ref. 74) has reviewed 
the experimental evidence for the band structure for both germanium and 
silicon. 

Other recent interesting investigations of the electrical properties of 
silicon have also been reported. Free carrier spin resonance absorption 
has been reported in both n- and p-type silicon (Ref. 80, 81). The pres- 
sure dependence of the resistivity (Ref. 82) of silicon has been observed, 
with hydrostatic pressures up to 7000 kg/em?, and the decrease in the 
energy gap has been found to agree with the pressure dependence of the 
optical absorption edge (Ref. 62), The dielectric constant of silicon has 
been measured by Dunlap and Watters (Ref. 83) at 77°K, from 500 eps 
to 80 me, and has been found to be constant to +1 per cent over this 
range, With & value of 11,7 de 0.2, which is in agreement with the optical 


m* = 
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value of Briggs (Ref. 84). The measurements were made on silicon that 
liad been doped with gold to increase the resistivity. The radiation re- 
sulting from the direct recombination of holes and electrons in silicon has 
been observed by Haynes and Briggs (Ref. 85). 


THE ELECTRICAL AND OPTICAL PROPERTIES ASSOCIATED 
WITH IMPURITY LEVELS 


Many of the properties of silicon are associated with impurities, and 
i number of important studies have contributed to the understanding of 
the behavior of impurities in silicon. An extensive review of the chemical 
and physical properties of impurities was given by Burton (Ref. 27), 
and Burstein has comprehensively reviewed the optical properties asso- 
viated with impurity levels (Ref. 53). The ionization energies of a 
iiumber of impurity atoms have been measured. These have been deter- 
iiined both by Hall measurements, with the ionization energy deter- 
iiined from the slope of the carrier concentration vs 1/T curve at low 
(omperatures, and by optical measurements of the long wave length photo- 
vonductivity or optical absorption. Table II shows the results of a 
imber of these measurements. 

The theory of donor states in silicon has been considered by Kohn and 
Luttinger (Ref. 86, 87), who have used an effective mass formulation and 
lave obtained a theoretical spectrum for the electrons bound to the 
‘lonors, Kittel and Mitchell (Ref. 88) have considered the theory of 
donor and acceptor states in silicon and germanium and have used the 
Wannier equation to obtain ionization energies in reasonable agreement 
with experiment. 


HALL Errect, SEEBECK Errect. Pearson and Bardeen (Ref. 89) have 
iiade an extensive study of the conductivity and Hall effect in silicon. 
Ii) more recent studies, Morin et al. (Ref. 90) have determined the energy 
levels of a number of impurities, as shown in Table II. Morin and 
Maita (Ref. 60) have carried out a study of silicon samples with a wide 
range of concentrations of boron and arsenic. In Fig. 8(a) carrier con- 
ontrations, determined from the Hall coefficient, are shown as a func- 
tion of 1/7 for a series of arsenic-doped samples. The curves show the 
expected shape; in the low temperature region there is partial ionization 
ul the impurities, and the ionization energy is given by the slope of the 
wlraight line portion of the curve. At somewhat higher temperatures the 
purities are nearly completely ionized, and the carrier concentration 
fomains constant at a value given by the difference in donor and residual 
ameeptor concentrations Np — Ny, until the intrinsic region is reached. 
At higher concentrations, degeneracy sets in, e.g., sample 140. In Fig. 
Nib), the Hall mobility determined for the same set of samples is shown. 
Al higher temperatures the mobility is controlled by lattice scattering, 
and at lower temperatures the mobility is reduced by impurity scatter- 
ing, Sample 126 is anomalous in that its mobility drops below the mo- 
bility of the degenerate sample 140, although sample 126 is not degener- 
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TABLE II SOME IMPURITY IONIZATION ENERGIES IN SILICON (ev) 











E, — Er E; — Ey 
Ele- T 
ment ype 
Thermal | Optical | Thermal | Optical 
B Ace. 0.045 ¢ 0.046 ® 
Al Ace. .057 « .067 ¢ 
Ga | Ace. .065 « O71 ¢ 
In Ace. .16¢ 16° 


P Donor 0.0442 | 0.046 ° 
As Donor 049 ¢ .056 © 
Sb Donor .039 « 
Bi Donor .067 4 
Li Donor 033 « 
Au | Acc. 32 34 
Au | Donor 39 ae 




















«FJ. Morin, J. P. Maita, R. G. Shulman, and N. B. Hannay, Bul. Am. Phys. 
Soc., Vol. 29 (No. 5, 1954), p. 22. 

> E. Burstein, Bell, Davisson and B. Lax, J. Phys. Chem., Vol. 57 (Nov. 1958), p. 
849. 

cE. Burstein, G. Picus and N. Sclar, Photoconductivity Conference, Atlantic City. 
Nov. 1954, John Wiley and Sons, Inc., 1956, pp. 353-413. 

4R. Newman, Phys. Rev., Vol 94 (1954), 1530. 

eR. A. Taft and F. H. Horn, Phys. Rev., Vol. 93 (1954), 64. 

s¥. J. Morin, private communication. 


ate. It is believed that this mobility reduction is a result of impurity 
band conduction setting in at this concentration. Similar behavior was 
shown by the boron-doped samples. Geballe (Ref. 91, 92) has studied 
the Seebeck effect for the same series of arsenic- and boron-doped sam- 
ples, and some of his results are shown in Fig. 8(c). The large values 
of the Seebeck voltage at low temperatures are similar to those he ob- 
served in germanium and are believed to be due to phonon-electron 
coupling. The theory of this has been given by Herring (Ref. 93) and 
Frederikse (Ref. 94). The anisotropic phonon distribution existing in 
the temperature gradient preferentially scatters electrons toward the cold 
end of the sample, adding to the normal Seebeck voltage. The QT prod- 
uct (Q = Seebeck voltage per degree difference in junction temperature) 
at higher temperatures shows the general type of behavior predicted by 
Herring over a wide temperature range, but with Q proportional to T—?*. 
The absolute value of the exponent is lower than expected theoretically; 
Geballe has shown that sample size is one of the effects responsible for 
this reduction, The sample (126), which exhibited anomalous Hall 
mobility, shows a reversal of sign of the Seebeck voltage at a low tem- 
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perature. This is believed to be due to impurity band conduction, as 
discussed for germanium by Hung and Gliessman (Ref. 95). 

The low temperature Hall effect measurements, Fig. 8(a), have been 
shown by Morin to provide a convenient tool for the measurement of 
impurity concentrations in studies of crystal processing. Np — N, is 
determined as described above. Since the ionization energies for the 
various donors and acceptors differ, the identity of the major impurity 
may be determined from the observed ionization energy. By suitable 
choice of the four parameters N4, Np, m*, and the ionization energy, a 
best fit to the experimental carrier concentration vs 1/T curve may be 
found. Thus the method is unique, in that it provides a separate esti- 
mate of the majority and minority impurity concentrations and not just 
their difference. 


OpticaL SrupiEs. Burstein (Ref. 53) has given a comprehensive dis- 
cussion of the optical data that he and his co-workers have obtained on 
the impurity optical properties. They have studied both the photo- 
ionization of impurities, i.e., transitions between the impurity level and 
the adjacent band, and the optical excitation of impurity centers, in 
which the electron is raised from the ground state of the impurity level 
to an excited state. For example, in the absorption curves for all the 
Group III acceptors in silicon, several well-defined peaks were observed. 
These lie at lower energies than the absorption edge, which corresponds 
to the onset of the photoionization process from the ground state of the 
impurity to the continuum of the band. These peaks correspond to ex- 
cited states for the impurity. Table III shows the energies corresponding 
to the observed peaks for the various acceptors in silicon, in addition 
to the ionization energy determined from the absorption edge. The 


TABLE III [after Burstein (Ref. 53)) ENERGY LEVELS OF GROUP III 
ACCEPTORS IN SILICON 


(rs: = 1.18 A) 





Energy B Al Ga In H 
Level r = 0.88 A r=1.26A r=1.26A r= 1.44A | Model 





1s-cont. 0.0460 ev * | 0.067 ev ** | 0.071 ev ** | 0.156 ev *** | 0.0460 


2p-cont. .0116 .012 .013 .017 .0115 
3p-cont. .0062 .008 .009 .010 .0051 
4p-cont. .0029 .003 .003 004 .0029 


* Determined from analysis of excitation bands on basis of hydrogen model. 

** Estimated from photoionization absorption limit and series limit of excitation 
banda, 

*** Thermal lonigation energy obtained by I’, J, Morin, J, P, Maita, R. G, Shul- 
man and N, B, Hannay, Bul, Am, Phys, Soe, Vol, 20 (No, 5, 1954), 22, 
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values expected for a hydrogen-like model for an impurity, computed 
from the known dielectric constant, are shown in the last column. It 
inay be seen that the excited states lie at energies in good agreement 
with a hydrogen-like model, which is, at best, a crude approximation; 
hut that the ground states for aluminum, gallium, and indium show a 
j)rogressive increase in energy above the valence band that does not fit 
the hydrogen-like model ionization energy. This is understandable, since 
this level involves an s state, which would be expected to be strongly 
(lependent on the nature of the acceptor nucleus. The excited states, 
however, involve p states, and these would be expected to be much more 
independent of the nature of the acceptor nucleus. The more accurate 
calculations of Kohn and Luttinger (Ref. 86, 87) for donors in silicon 
Appear to be in even better agreement with the published results of Bur- 
stein for donor excited states (Ref. 87a). 

Optical and impact recombination coefficients in impurity photocon- 
ductivity in germanium and silicon have been calculated by Sclar and 
INurstein (Ref. 96), who have compared the coefficients for these recom- 
hination processes with the phonon recombination coefficient. 


}LEcTRON Spin RESONANCE. Electron spin resonances associated with 
(lonors in silicon have been observed by Fletcher and his colleagues (Ref. 
7, 98) and by Honig and Kip (Ref. 99, 100). The measurements for 
the Group V donors show a hyperfine splitting of the spin resonance lines 
(ue to the donor nuclei. The number of lines and the splitting depend 
on the nuclear spin. Arsenic-doped silicon, for example, shows four lines, 
eorresponding to the four orientations possible for the arsenic nucleus 
with its spin of 3%. The magnitude of the splitting for lithium is so small 
that the separate lines are not resolved, and only a single line is observed. 
At higher concentrations (>1 x 1018), the resonance lines are replaced 
hy « single line, which either corresponds to the onset of degeneracy or 
js cnused by impurity band conduction (Ref. 95). The theory of the 
hyperfine splitting has been discussed by Luttinger and Kohn (Ref. 86, 


"7, 101 to 103), using an effective mass formulation. They have been 
able to caleulate the hyperfine splitting to within a factor of two of the 
experimental results for phosphorus, and this agreement is well within 
the uncertainty of the calculation. The calculations for antimony, ar- 
eenic, and lithium are more uncertain, but also show satisfactory agree- 


iwent with the experimental splitting. An electron spin resonance asso- 
tiated with lattice defects has also been reported recently (Ref. 104). 


Canter RecomBrnation, TrRappinc. The measurement of minority 
earvier lifetime in silicon is of major importance. In general, methods 
Applicable to germanium are suitable for silicon, and a number of these 
live been deseribed in the literature. Haynes and Hornbeck (Ref. 105) 
lave shown, however, that methods involving measurement of diffusion 
lonuth rather than time often introduce major errors. Thus, injection by 
Hight or from a point, with determination of the “diffusion length” by 
Taian of the signal at a collector point, as a funetion of distance 
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and shallow traps were found ~0.64 ev above the valence band with a 
(apture cross section ~4 K 10~% em?. The origin of these traps is not 
understood, but it is clear that they are intimately connected with the 
irystal growing conditions. It has been observed (Ref. 121) that the 
(raps appear only in rotated silicon. When the crystal is grown without 


from the point of injection, can give erroneous values of “lifetime,” which 
are much too high because of the presence of an inversion layer on the 
surface. They have shown that a more reliable measurement of the 
lifetime is obtained by the observation of the decay in photoconductivity, 
after injection of minority carriers by a pulse of light. The time constant 
of the exponential decay, as the injected carriers recombine, gives the 
lifetime; for samples of large enough cross section this is the body life- 
time; otherwise it includes the effect of surface recombination also. 
Stevenson and Keyes (Ref. 106) have also used this method and have 
discussed both the theory and the experimental methods. Drift measure- 
ments may also be used to measure the lifetime; the decay in the size of 
the injected pulse is measured as a function of time as it drifts down 
the sample. Watters (Ref. 107) has shown that drift measurements are 
generally in good agreement with photoconductivity decay lifetime meas- 
urements and has reported body lifetimes in excess of 2 millisec. He 
has also found it helpful, in distinguishing true lifetime from trapping 
effects, to observe the drift and photodecay lifetimes as the sample is 
heated above room temperature. Bemski (Ref. 108) has used the ‘June- 
tion recovery time” method discussed by Kingston (Ref. 109) and by 
this method has obtained lifetimes in good agreement with the photo- 
conductivity decay values for the bulk material. 

Surface recombination velocities in silicon have generally been ob- 
served to be high. Haynes and Westphal (Ref. 110) have found, for 
example, typical values for s of 5 x 10® em/sec for etched surfaces of 
n-type samples, and 4 x 10% cm/sec for p type. 

No studies of recombination centers in silicon, similar to those carried 
out by Burton et al. in germanium, have been reported. Semiquantita- 
tive observations have shown that a number of impurities can act a 
effective recombination centers (Ref. 111), the most notable of these 
being iron. Pell (Ref. 112) has studied the reverse current and carrier 
lifetime as a function of temperature, in diodes from 200°C to — 196°C. 
The generation centers in silicon were found to lie at a level 0.5 ev deep. 
The effect of dislocations in markedly reducing the lifetime in silicon 
has been observed (Ref. 113, 114). 

Non-recombining traps have been observed in silicon at room tempera- 
ture by Haynes and Hornbeck (Ref. 115 to 120), who have discussed 
the trapping kinetics in detail. They were first observed as a straggle 
in the arrival of the pulse in drift measurements. They have been 
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Via, 9 Photoconductivity decay in silicon showing normal recombination and two 
sets of non-recombining traps. (Haynes and Hornbeck.) 


folation, the density of all the traps is reduced by several orders of mag- 
fiitude. Their density is greatly reduced also if the silicon is heated 
liefly to 1000°C. 


Itnav TREATMENT Errects. Fuller (Ref. 122, 123) has observed the 
effect of heat treatment on the resistivity of silicon. The changes are 
fomplex, and their origin is not as yet understood. In general, when the 
silicon is heated for several hours, at temperatures below 500°C, the ma- 
torial becomes more n type, and the number of “added donors” may be 
i high as 104°/cm® or more. When the sample is heated to 1000°C or 
above, it very rapidly reverts to its original resistivity. These changes 
ave reversible unless the heating at high temperatures is prolonged, in 
Which case the heating below 500°C will no longer introduce “donors.” 


studied most conveniently by observing decay in photoconductivity. In ‘The changes are very sensitive to the conditions of crystal growth. It 
Fig. 9 is shown the decay for p-type specimen; three distinct regions of line been found that crystals grown without rotation show essentially 
decay, corresponding to normal recombination and two sets of traps, are fio change in resistivity when heated, the changes being peculiar to crys- 


tale grown with normal rotation. Small-diameter crystals, even when 
fotated during growth, show little or no change upon heat treatment. 
The rotated crystals with large diameters have often been observed to 
have akins which do not change in resistivity upon heat treatment, even 
though the center of the crystal may change. Because the conditions of 
fryetal growth are frequently such that the grown crystal is subjected to 


evident. At least two sets of traps were found in both n- and p-type 
silicon. In p silicon, deep traps were found at a level 0.78 ev below the 
conduction band, with a capture cross section ~1 10-1 em*, and shal- 
low traps were found 0.57 ev below the conduction band, with capture 
cross section ~4 >< 10>" om*, Inn silicon, deep traps were found 0.71 
ov above the valence band, with a capture cross section ~3 < 10-1" om?, 
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a certain amount of heat treatment below 500°C as it cools, many rotated 
crystals in the “as-grown” state show similar skins. 

Mayburg (Ref. 52, 124) has also studied the heat treatment of silicon 
and has observed changes at temperatures above 1100°C, which he as- 
cribes to evaporation out of donors. He associates changes below 900°C 
with precipitation of impurities at dislocations. 


PROPERTIES OF p-n JUNCTIONS. Several studies of silicon p-n junctions 
have been carried out, which have been of great interest. In several re- 
spects their behavior has been considerably different from that observed 
for germanium junctions. 

The failure of silicon p-n junctions to show complete saturation of their 
reverse currents, and the fact that the magnitude of the reverse currents 
are much greater than expected on the basis of the Shockley p-n junction 
theory, have been of great interest. It was suggested by McAfee that 
this was due to generation of carriers in the space charge region. Klein- 
knecht and Seiler (Ref. 16) have given an extensive characterization of 
grown p-n junctions and have found that this model, with generation by 
traps in the space charge according to the Shockley-Read theory, ac- 
counts satisfactorily for the observed currents. Pell (Ref. 112) has 
studied alloyed silicon junctions and has also concluded that this mecha- 
nism is responsible for the observed behavior. 

_ The breakdown of silicon grown junctions has been studied extensively 
in a series of investigations. McKay and McAfee (Ref. 125) have ob- 
served electron multiplication in grown silicon p-n junctions at high fields 
in the pre-breakdown region, with multiplication factors as high as 18. 
The factors were approximately equal for holes and electrons, and the 
data could be fitted to ionization rates computed from avalanche theory. 
In a further study of silicon junctions, McKay (Ref. 126) has calculate 
ionization rates for the case of homogeneous fields, for both “step” junc 
tions (abrupt donor and acceptor concentration gradients at the junction) 
and “linear” junctions (linear donor and acceptor concentration gra- 
dients). The ionization rates calculated in this way, for both types_of 
junctions in the breakdown and pre- breakdown regions, were—i 


agreement with experiment, thus indicating that the breakdown i 
tially an avalanche mechanism rather than Zener _breakdown.! Wolff 
(Ref. 127) has considered the problem further in a theoretical treatment. 
By application of methods used in gas discharge, he has calculated ioniza- 
tion rates as a function of field, taking into account electron-phonon and 
pair-producing collisions. His calculations agree with the data of McKay 
for a mean free path of 200 A (a more recent estimate gives 130 A) for 
the interactions of electrons and optical phonons. 

Newman et al. (Ref. 128) have observed light emitted from a silicon 
junction biased in the reverse direction beyond the breakdown voltage. 
The light was emitted at the junction, with energies up to 3.4 ev, McKay 
and Chynoweth have also observed this phenomenon (Ref, 129), and, 
from their observations, it appears that the emission is a result of recom- 
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bination in the avalanche process. The light was found to be sensitive 
to surface conditions. 

Noise in a junction made by diffusion has been studied by Pearson 
et al. (Ref. 130) as a function of frequency: and current. It was found 
that the noise in the photocurrent in such a junction was entirely shot 
noise and was independent of frequency over a wide range. This is shown 
in the lower curve of Fig. 10 for a reverse-biased junction in a reasonably 
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(vy atmosphere. The value of the shot noise that was observed is shown 
by the experimental points, and the theoretically predicted shot noise 


value is shown by the full line. When the same junction was exposed to 


high humidities, the dark current increased and a much larger noise 
figure was observed, with the familiar 1/f dependence characteristic of 
germanium junctions. 


Law and Meigs (Ref. 131) have carried out an extensive study of the 


effect of water vapor on grown germanium and silicon junctions and have 
found a quite different behavior for them under similar humidity condi- 
tions, The increase in current in a reverse-biased silicon junction can be 
explained in terms of channel formation on the silicon, with no evidence 
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for an ionic conduction contribution such as he finds for germanium. 
Fig. 11 shows the effect of increasing humidity on the reverse character- 
istics. It may be seen that little change in the breakdown voltage occurs, 
except near 100 per cent humidity. The reverse current steadily in- 
creases with humidity, although the channel length remains small up to 
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Fic. 11 Reverse characteristics for grown silicon junctions for several humidities. 
(Law.) 


80 per cent of saturation. Beyond this point, ar extensive channel was 
formed, and the reverse current increased more rapidly. 


SILICON DEVICES 


Diopgs; Rectiriers. Silicon diodes have been made by several tech- 
niques and for several purposes. Their properties are such that a very 
wide application of them is 2 i i because silicon is uniquely suitable 

diode and power rectifier uses. ; 
ana piper te long been useful (Ref, 182, 133) and need little 
further discussion, Nicoll (Ref, 184) has made a recent study of noise 
in silicon microwave diodes, 
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The silicon alloy diode of Pearson (Ref. 135, 136) has become of great 
practical importance. This diode is usually made by alloying aluminum 
into n-type silicon, the junction being formed at the interface between the 
silicon and the regrowth layer. The diodes show a number of advantages 
over other semiconductor diodes. Reverse currents as low as 10~-!° amp 
were obtained by Pearson, and rectification ratios were as high as 108 
at 1 v. The breakdown characteristics showed d(log I) /d(log V) = 1500 
over several decades of current. Stable breakdown voltages could be 
selected from the range from 3 v to above 100 v, by suitable choice of 
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Wig, 12. Forward and reverse characteristics at two temperatures for diffused 


silicon rectifier employing conductivity modulation of a thin intrinsic 
layer. (Prince.) 


(he resistivity of the base silicon. The diodes could be operated up to 
tw high as 300°C. A number of diodes of this general type are now in 
fommercial production. 

A number of laboratories have developed large-area, aluminum-alloy, 
silicon power rectifiers. One of these has been described by Losco (Ref. 
147), With an area of 0.05 em?, he obtained a forward current of 10 amp 
al lv, with a rectification ratio at 1 v of 6 x 108. 

A recently developed diffusion technique of Fuller has been utilized 
ii the production of large-area rectifiers by Pearson and Fuller (Ref. 
118), The junctions are made by the diffusion into the silicon of a donor 
(such as phosphorus) or an acceptor (such as boron), using silicon of 
(he appropriate type, with the diffusion being carried out at temperatures 
above 1000°C, The method gives excellent control over the planarity 
of the junction, even over large areas. Low resistivity layers may be 
produced, and low resistance contacts can be readily applied. A power 
feotifier made in this way showed forward currents up to 20 amp, at a 
forward resistance of 0,08 ohm, with the junction area equal to 0.75 em?. 


The reverse voltage may be selected by the proper choice of the silicon 
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resistivity. Efficiencies of better than 95 per cent were observed, when 
the junction was operated as a power rectifier operating a resistance load. 

A recent modification of the diffusion rectifier has been described by 
Prince (Ref. 139); diffusion junctions of the same general type were 
made under conditions that maintain a measurable lifetime in the silicon, 
and a thin intrinsic region between the p and n regions was produced. 
In the forward direction, the impedance is low, because the diffusion 
length of carriers injected into the intrinsic region is much greater than 
the thickness of this region, and the injection produces conductivity mod- 
ulation in the intrinsic layer. At the same time, high reverse breakdown 
voltages are obtained, because of the presence of the intrinsic layer. For- 
ward and reverse characteristics for a rectifier of this type are shown in 
Fig. 12. The use of this rectifier structure permits a large reduction in 
the area of silicon necessary for power rectifiers. For example, on an area 
of 0.1 cm? the forward current exceeds 35 amp at 1 v. 


Sizttcon Transisvors. Silicon transistors are generally in the develop- 
ment stage at present. They have been made by a number of techniques 
and may be expected to appear in increasing numbers in the near future. 
Their high temperature of operation, and the low J,,.’s make them par- 
ticularly attractive for many applications. 

Point contact transistors have been described by a number of investi- 
gators (Ref. 140 to 143, 114). High @’s have been obtained, but no com- 
mercial units have appeared (Ref. 144). Pearson (Ref. 145) has de- 
scribed a high impedance field effect transistor. 

Grown junction silicon transistors have been made by double-doping 
(Ref. 146) and by rate-growing (Ref. 147). The former are the first 
silicon transistors to be commercially available. These are n-p-n units, 
and a number of the electrical parameters have been published. These 
are: 
re = 25-75 ohm 
ry = 100-300 ohm 
re = 0.6-1.5 megohm 
Teo < 0.4 wa at 25°C, Ve = 5v 
Teo = 20-50 wa at 150°C, Ve = 5 v 
a = 0.90-0.98 
frequency cutoff = 1.2-7.5 me 
noise figure = 16-22 db 


Rate-growing with gallium and antimony also has been successfully used 
to produce silicon transistors (Ref. 147), with as many as five usable 
p layers in a crystal ranging in width from 10~-* em to 5 X 10~% em. 
Contacts to the p-type base region were made by alloying aluminum wire. 
Fig. 13 shows @ as a function of emitter current for a typical unit at two 
different ambient temperatures, 

Silicon alloy transistors have also been made experimentally in a num- 
ber of laboratories, Some of the problema involved have been discussed 
by Gudmundaen et al, (Ref, 148), 
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Via. 13 @ vs emitter current at two temperatures for rate-grown silicon transis- 
tors. (Tanenbaum et al.) 


ILECTRICAL ENERGY Sources. There has been great interest in the 
recent utilization of silicon p-n junctions for the production of electrical 
energy from other energy sources. The “solar battery” uses a silicon p-n 
junction as a photocell to produce usable amounts of electrical power. 
These cells have been made by the diffusion technique (see above) and 
have been described by Chapin, Fuller and Pearson (Ref. 149). Hole- 
electron pairs are produced by absorbed photons near the silicon surface. 
The built-in field of the p-n junction, which lies very near the surface, 
separates the holes and electrons and allows a current flow through the 
external circuit. Theoretical calculations of the devices have been made 
(Ref. 150 to 154), and the theoretical limit of efficiency has been shown 
to be of the order of 20 per cent of the radiant solar energy falling on 
the surface. Devices made to date have shown an efficiency as high as 
10 per cent or more. The design theory of the solar battery has been 
(liscussed in detail by Prince (Ref. 155), who has given values for the 
Various parameters in the design theory and compared them with the ex- 
periments. The importance of the reduction of the series resistance in 
obtaining high efficiencies is emphasized. The peak radiant energy of the 
sun in the vicinity of New York City is of the order of 1000 watts/meter?, 
a0 that up to 100 watts/meter? of useful electrical energy has been prac- 
(ioally obtained. Fig. 14 shows an experimental model of a solar energy 
vonverter having a number of rectangular units mounted in such a way 
(hat either series or parallel connections can be made, depending upon 
the current-voltage characteristic desired. 

‘The use of silicon p-n junctions to convert energy from a radioactive 
(leony process has.also been suggested by Rappaport (Ref. 156). He has 
iieasured the electron-voltaic effect of bombarding p-n junctions with 
fi particles from a Sr® source, using an alloy-type silicon junction. 
0.8 microwatt of electrical power was obtained from 200 microwatts of 
radioactive power, corresponding to an efficiency of 0.4 per cent. Pfann 
and van Roosbroeck (Ref, 154) discuss this type of source in detail and 
have calculated the maximum power and the optimum load resistance. 
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Fig. 14. Mounted silicon wafers for solar energy conversion. 


Lattice defects produced by the bombardment impair the performance by 
increasing electron-hole recombination, and these authors discuss the 
possibility of avoiding such damage. 
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Chapter 2 


IMPERFECTIONS IN GERMANIUM 
AND SILICON 


In the opening section of this chapter the semiconductor properties 
important to transistors and the way they are affected by impurities 
are discussed. In the two sections which follow, the preservation of 
lifetime in germanium by the avoidance of strains during high tempera- 
ture treatment, and the restoration of lifetime by segregation of impuri- 
ties from germanium into a contacting liquid phase of a lower melting 
metal, are described. A technique for the removal of boron from silicon 
as a volatile oxide is presented next, followed by a description of float- 
ing zone refining of silicon. The latter is particularly timely since, to 
date, non-contaminating crucible materials for silicon refining have not 
been reported. Repeated passes of floating zones give resistivities greater 
than 16,000 ohm centimeters and lifetimes greater than 1200 microsec- 
onds. The final paper of this section takes up the complex subject of 
recombination centers in silicon and the effects of heat treatment on 
them. The introduction to this division gives additional references to 
the literature. 


2A. EFFECTS OF IMPURITIES AND IMPERFECTIONS IN 
SEMICONDUCTORS * 


J. A. BURTON 


I'he properties of semiconductors depend, to a considerable extent, on 
very small concentrations of chemical impurities and lattice imperfec- 
tions, Because of this, it is necessary to control the purity and perfection 
of semiconductor crystals to an unusual degree. 

A brief review is given of some effects of impurities and imperfections 
on the properties of semiconductors. The discussion is limited to those 
properties and materials of interest in the new field of transistor elec- 
tronics (Ref. 1,2). Two questions are considered: (a) What are the im- 
portant semiconductor properties for transistor applications? (b) How 
are these properties influenced by chemical impurities and lattice imper- 
fections? 


* Originally published in Jmpurities and Imperfections, The American Society of 
Metals, Cleveland, Ohio, 1055, * 
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SOME IMPORTANT SEMICONDUCTOR PROPERTIES 


Most transistor-like devices rely on the fact that two distinct mecha- 
nisms for conduction can be produced in a semiconductor by suitable 
additions of impurities (Ref. 3). In germanium (Fig. 1), Group V im- 
purities (donors), like arsenic, contribute extra electrons which conduct 
as negative charge carriers (n type), while Group III impurities (accep- 
tors), like gallium, cause a deficit of electrons so the conductivity is due 
to holes which act like positive charge carriers (p type). A solid state 
amplifier can be made by preparing such n- and p-type regions, with 
suitable geometries and impurity concentrations, in a semiconducting 
crystal. A typical example, the n-p-n transistor (Ref. 4), is illustrated 
schematically in Fig. 2. When the proper bias voltages are applied to 
this structure, a small input signal causes a large current of electrons to 
be injected into the p-type region which normally contains very few con- 
duction electrons. These injected electrons then diffuse in a nonequilib- 
rium state across the p-type region and fall down the large potential hill 
at the output junction giving a useful power gain. 

Some properties of a semiconductor material which determine its use- 
fulness in a device of this kind are listed in Table I. The reasons why 



















TABLE I SOME IMPORTANT SEMICONDUCTOR PROPERTIES 


Significant Impurity 


Desirable Concentration 
Property Characteristics (atom fraction) 
1) Energy Gap >0.7 ev ~10-4 
2) Mobility > 1000 cm?/volt sec ~10- 
3) Conductivity Controlled magnitude, ~10- 
type, and geometry 
4) Lifetime >10- sec ~107° 
5) Surface Stability ? 
Properties 


these particular semiconductor properties are important will be discussed 
briefly below. 


Enercy Gap. The energy gap, Eg, is the energy required to transfer 
an electron from the normally occupied valence band of energy levels to 
the normally empty conduction band, thereby creating a hole electron 
pair. If the energy gap is too small appreciable numbers of both holes 
and electrons are produced by thermal ionization of the material at room 
temperature. These cause undesirable leakage currents which increase 
rapidly at elevated temperatures. In germanium, with an energy gap of 
0.7 ev, these effects are very serious at temperatures above 80°C, and for 
many applications higher impedance p-n junctions would be desirable 
even at room temperature, Silicon, however, with an energy gap of 1.1 ev, 
gives exceptionally high impedance junctions at room temperature and 
operates satinfactorily even above 200°C (Ref, 5, 6), 
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I'ic. 1 Schematic crystal lattice and energy levels for a germanium crystal con- 
taining donor and acceptor impurities. 
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iia, 2 Energy level diagram and schematic structure of an n-p-n transistor. 
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Mosiuity. The mobility, », of the charge carriers is defined as the 
speed at which they drift in a unit electric field. The diffusion constant, 
D, is proportional to the mobility according to the Einstein relation, 


ukT 


é 


D 


For devices which will operate at high frequencies it is necessary that 
the holes or electrons move rapidly from one electrode region to another 
either by drift or diffusion, and hence a high mobility is desired. In this 
respect, germanium with an electron mobility of 3800 cm?/volt sec (Ref. 
7), is superior to silicon which has an electron mobility of about 1700 
(Ref. 8). 


Conpuctivity. The conductivity, o, is given by o = ne pn + pe pp, 
where n and p are the concentrations of electrons and holes, and p, and 
Mp are their mobilities. The conductivities of the different regions in a 
structure like an n-p-n transistor are controlled by first purifying the 
semiconductor material, and then adding the proper amounts of donor 
or acceptor impurities to give the desired hole or electron concentrations. 
The geometries of these n- and p-type regions often need to be controlled 
quite accurately. In particular, the central p-type region must be thin 
(of the order of 10—% em) in order to reduce the transit time of the elec- 
trons and also to avoid a serious loss of injected electrons by the recom- 
bination processes discussed below. 


LireTIME. The lifetime, 7, of the injected electrons is the time con- 
stant describing the rate at which this recombination with holes occurs. 
When electrons are injected into a p-type region their concentration 
greatly exceeds that which would be present under thermal equilibrium 
conditions. They tend to return to an equilibrium concentration by 
dropping from a conduction level to one of the many holes in the valence. 
band. Fig. 3 illustrates four possible mechanisms (Ref. 9, 10) for this 
recombination process. The first process, in which an electron is shown 
recombining directly with a hole, occurs relatively slowly in germanium 
and silicon. The second process illustrated, where the electrons recom- 
bine with holes through the ordinary donor or acceptor centers, is also 
believed to be relatively unimportant in germanium and silicon, com- 
pared to the third mechanism involving trapping levels near the middle 
of the energy gap which arise from other chemical impurities and lattice 
defects. These act as catalysts to speed up the recombination reaction. 
Many transistor applications require minority carrier lifetimes of the 
order of 10-5 see or more. Of all the volume properties of semiconduc- 
tors, this seems to be the one that places the most stringent requirements 
on purity and crystal perfection. 














Surrace. The surface of the semiconductor has equally great impor- 
tance (Ref, 12), Ags illustrated in part 4 of Fig, 8, the recombination of 
holes and electrons is also catalyzed by “surface states” (Ref, 2, 11)3 


Chapter 2: IMPERFECTIONS IN GERMANIUM AND SILICON 41 


which are believed to arise from impurities or imperfections at the semi- 
conductor surface. This surface recombination is fully as important as 
volume recombination in many transistor devices. The charges resid- 
ing in surface states also cause a warping of the energy bands near the 
surface (see Fig. 3) which produces a different conductivity in the sur- 
face layers and may result in surface leakage currents. This effect can 
go so far as to cause an n-type “channel” (Ref. 13) to be formed on the 
surface which can effectively short circuit the p-type region or cause un- 


HOLES AND ELECTRONS MAY RECOMBINE: 


(1) (2) (3) (4) 
AT ORDINARY 
DONORS OR 


DIRECTLY AT OTHER 


IMPURITIES OR 


AT THE 
SURFACE 


_ SURFACE 
STATES 








T <10-§ SEC 


T >0.1 SEC S <100 CM PER SEC 


TO 
T >10°3 SEC S >104 CM PER SEC 


"1a, 3 Some possible mechanisms for the recombination of holes and electrons. 
desirable changes in the breakdown characteristics of p-n junctions. Ad- 
sorbed foreign ions may also cause leakage currents under high humidity 
conditions due to ionic conduction in an adsorbed water-film (Ref. 14). 
‘The understanding and control of these surface properties—(surface re- 
combination, channels, ionic conduction, etc.)—constitute one of the most 
(difficult and challenging fields in semiconductor work at the present time. 

In the foregoing paragraphs, a brief outline has been given of some of 
the fundamental semiconductor properties which are now considered im- 
portant for transistor applications. Next, some specific effects of impuri- 
(ies and imperfections on these properties will be discussed. 


FECTS OF IMPURITIES AND IMPERFECTIONS 


As indicated in Table I, the semiconductor properties—energy gap, 
mobility, conductivity, lifetime, and surface—are all affected by impuri- 
ties and imperfections to some extent. Qualitatively the significant im- 
purity concentration decreases progressively about two orders of magni- 
tude for each of the properties listed in this order, as shown in Table I. 

The energy gap is relatively insensitive to impurities and imperfec- 


} 
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tions, and is normally considered an intrinsic property of the material. 
However, the energy gap is influenced by impurity concentrations large 
enough to give appreciable changes in lattice constant. An important 
example of this effect is found in silicon-germanium alloys (Ref. 15). By 
adding a few per cent of silicon to germanium the lattice constant is 
decreased, and the energy gap is increased by a tenth of a volt or more. 
This larger energy gap should result in a considerable improvement over 
pure germanium for transistor operation at high temperatures, providing 
the difficulties due to segregation of silicon in growing single crystals of 
these alloys can be overcome. 

Another interesting and different effect of impurities on the apparent 
optical energy gap has recently been reported in indium antimonide (Ref. 
16, 17) and explained in the following way by Burstein (Ref. 18). In- 
dium antimonide has a very small effective mass for electrons, and hence 
a low density of states in the conduction band. A relatively small con- 
centration of donor impurities will therefore fill the states near the bottom 
of the conduction band, causing a rapid increase in the effective energy 
gap with increasing impurity concentration. In indium antimonide, the 
apparent optical energy gap is changed from 0.18 ev for the pure ma- 
terial to ~0.5 ev with about 10-* atom fraction of donor impurities. 
Similar but relatively much smaller effects are to be expected for the 
other semiconductors which have larger effective masses for electrons. 

The mobility of the charge carriers in semiconductors is more sensi- 
tive to impurities and imperfections than is the energy gap. Extensive 
measurements (Ref. 19, 20, 21) have been made of the effects of im- 
purities on the mobilities in germanium and silicon. For impure, poly- 
crystalline material the mobility is quite low because of scattering of 
the electrons or holes by the impurity centers or imperfections. The 


mobility increases as the purity and crystal perfection are improved. A 


significant reduction in mobility is caused by a donor concentration of 
about one per million. This effect at room temperature is due primarily 
to electron scattering by the charged impurity centers. At lower tem- 
peratures scattering by neutral impurity centers and dislocations may 
also be present. At higher temperatures the intrinsic lattice scattering 
predominates and impurity scattering should be less important. How- 
ever, it has been the experience (Ref. 2) in both germanium and silicon 
that crystal purity and perfection also influence the high temperature 
mobility even when it has a temperature coefficient which would lead one 
to interpret it as arising from intrinsic lattice scattering. The reasons 
for this are not well understood, but may be associated with fluctuations 
in impurity concentration which lead to “wiggly bands” that affect the 
apparent measured mobility. For example, in recent years (Ref. 2) the 
measured room temperature “lattice scattering mobility” of electrons has 
increased by a factor of two in both germanium and silicon as purer, 
more uniform, and more perfect single crystals became available, 

In Table II a summary is given of some recent measurements (Ref, 
22, 23, 24) of the room temperature energy gaps and electron mobilities 
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for germanium, silicon, and some closely related compounds. The Group 
III-Group V compounds described by Welker (Ref. 25) are of special 
interest because they have unusually high mobilities, and some, such as 
gallium arsenide and indium phosphide, also have large energy gaps. 
The ternary compounds discovered by Douglas and his co-workers (Ref. 
26) also are reported to have promising mobilities and energy gaps. Like 


TABLE II ENERGY GAPS AND ELECTRON MOBILITIES 





ick Electron 
Semi- G BY Mobility Ref 
conductor ap (em?/volt | “erences 
(ev) 
sec) 
Ge 0.68 3,800 (7) 
Si 1.10 1,700 (8) 
Ge-Si Alloys | 0.8-1.0 | ~3,000 (15) 
GaAs 1.45 ~4,000 | (23) (24) 
InP 1.25 ~8,400 | (22) (28) 
GaSb 0.77 ~4,000 | (22) (28) 
InAs 0.35 ~23,000 | (22) (23) 
InSb 0.18 77,000 | (22) (28) 
CulnSee 0.9 ~1,000 (26) 


germanium, silicon, and the III-V compounds, they have an average of 4 
electrons per atom and crystal structures related to the diamond struc- 
ture. 

Since work on these semiconducting compounds was started rather re- 
cently, their purity and crystal perfection, in most cases, does not equal 
that available for germanium and silicon. Hence many of the mobilities 
quoted in Table II probably are still limited by impurities and imperfec- 
tions. Even larger values are to be expected in the future as techniques 
of preparation improve, with the exception of germanium and possibly 
indium antimonide and silicon. The lowest values of donor or acceptor 
concentrations which have been reported to date for most of these com- 
pounds are of the order of 10!®-10!7/cc (~10—* atom fraction), as com- 
pared to 10'*/ce or less in germanium, silicon, and indium antimonide. 
Thus, further work is required to control their conductivity sufficiently 
for transistor applications. This purity is quite adequate, however, for 
i variety of interesting applications (Ref. 22) utilizing the large magneto- 
resistance and Hall effect, which are a direct consequence of the high 
electron mobility in compounds such as indium antimonide and indium 
arsenide, 

With the exception of indium phosphide, in which Welker (Ref. 22) 
has detected transistor action and a measurable lifetime, little has been 
reported on the minority carrier lifetime in these compounds. If the 
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situation is like that described below for germanium and silicon, this 
problem of controlling lifetime in the compounds should be quite an 
interesting and challenging one indeed. Such work should lead to funda- 
mental information regarding the precise control of stoichiometry, de- 
gree of order, purity, and crystal perfection which may be new in the 
intermetallic compound field. 

Next, some specific properties of impurities and imperfections in ger- 
manium and silicon will be considered. A qualitative discussion will be 
given to show what some of the important parameters are. More de- 
tailed quantitative information and references are given in other recent 
reviews of this subject (Ref. 28, 29). 
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Fic. 4 Schematic phase diagram for an impurity in germanium showing the dis- 
tribution coefficient, C’s/C,, near the melting point. 


The significant properties of the impurities and imperfections may be 
classified conveniently as follows: First, those chemical and metallurgi- 
cal properties which determine the concentration of the impurities or 
imperfections. These include the distribution coefficients of the impuri- 
ties between the solid and liquid phases, their solubilities, and their diffu- 
sion coefficients. Second, the electronic properties which include the 
ionization energies of the impurity centers, and their capture cross sec- 
tions for trapping holes and electrons. 

Fig. 4 illustrates schematically what is meant by the distribution co- 
efficient, k, which is defined as the ratio of the concentration in the solid 


phase, Cg, to that in the liquid phase, C;. For small concentrations near 


the melting point of pure germanium or silicon, the solidus and liquidus 
curves approach straight lines so that k = Cy/C, is independent of con- 
centration in this region, Table III lists some values of distribution 
coefficients (Ref, 28, 30, 31) for impurity elements in germanium and 
silicon, which have been measured either with radioactive tracers or by 
determining concentrations from conductivity, The distribution coeffi- 
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TABLE III DISTRIBUTION COEFFICIENTS OF IMPURITIES IN 
GERMANIUM AND SILICON 





Tetrahedral 


k 
Covalent | . Sak 
Element Radius (59) in Ge (28) (31) | in Si (28) (31) 


Solute k 





B 0.88 >10 0.9 

P 1.10 0.12 0.35 
As 1.18 0.04 0.3 
Al 1.26 0.10 >0.004 
Ga 1.26 0.10 0.01 
Zn 1.31 0.01 

Sb 1.36 0.003 0.04 
Sn 1.40 0.02 0.02 
In 1.44 0.001 5 xX 1074 
Bi 1.46 4x 10-5 

Tl 1.47 4x 10 

Au 1.50 3 xX 10-5 3 X 10-5 
Ag 1.53 10-4 

Cu 1.35 1.5 X 10-5 4 xX 1074 
Co — 10-% 

Ni — 5 X 10-6 

Ta — — 10-7 





cients are important for controlling the concentrations of impurities in 
single crystals grown from the melt, and also for determining the effi- 
ciencies of fractional crystallization purification procedures. The new 
technique of continuous fractional crystallization by “zone-refining,” dis- 
covered by Pfann (Ref. 32), is extraordinarily efficient in germanium, 
because none of the common impurities has a k near unity. In silicon, 
however, boron is more difficult to remove by this method because k = 0.9 
and fractional crystallization is therefore less efficient. 

A crude, but useful empirical relation for estimating the order of mag- 
nitude of the maximum useful solubility, (Cs)max, of impurities in ger- 
manium or silicon single crystals is the following: 


(Cy) max ~ 0.05k 


where the concentration is expressed as an atom fraction. If k were 
independent of concentration this relation would correspond to a concen- 
tration, Cz, in the liquid phase of 5 per cent. To grow single crystals 
hecomes increasingly difficult when the melt concentration is higher than 
this, For many of the more soluble impurities, the diffusion coefficients 
are quite small, so high temperatures where C,, is of the order of 0.05 
are required to introduce these impurities by diffusion, For impurities 
with small values of hk, it is found (Ref, 88, 84) that k decreases rapidly 
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at low temperatures, resulting in a “retrograde solid solubility” with a 
maximum concentration of the order of 0.05k. A typical example of this 
phenomenon is illustrated in Fig. 5, which shows the phase diagram for 
the copper-germanium system measured by Fuller and his co-workers 
(Ref. 33) at copper concentrations less than 10—® atom fraction. They 
measured the solid solubility of copper in single crystals of germanium 
as a function of temperature by diffusing in copper until the crystal was 
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Fic. 5 Phase diagram for the copper-germanium system as determined by Fuller 
et al. (Ref. 33, 34) in the concentration range below 10~* atom fraction of 
copper. 


saturated, and then determining the copper concentration from both 
radioactive tracer and electrical conductivity measurements. As shown 
in the figure, the solubility is strongly retrograde with a maximum value 
of 7 <X 10-7 atom fraction at 875°C. Such behavior has been found for 
a number of other impurities in germanium and silicon (Ref. 34, 36). 
Thurmond (Ref. 35) has shown that this is a natural consequence of the 
thermodynamics of such dilute solid solutions, when the distribution co- 
efficient is sufficiently small, as is the case for copper in germanium where 

= 15 x 10-5. 

As Fuller (Ref. 33) has shown, this phenomenon of retrograde solubility 
plays quite an important role in semiconductors like germanium. For 
example, if copper is introduced into a germanium single crystal at high 
temperatures during eryatal growth or by diffusion, and the crystal is 
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cooled rapidly, the copper remains in a supersaturated solid solution 
giving acceptor centers. However, if the crystal is annealed the copper 
precipitates and the acceptors disappear. Since copper diffuses very 
rapidly (D ~ 2 x 10-5 cm?/sec) in germanium at temperatures above 
650°C, extreme surface cleanliness is required to avoid the accidental 
introduction of copper when germanium crystals are heated. By care- 
fully avoiding copper-contamination, it has been possible to observe 
electrical effects attributed to lattice defects (Ref. 37, 38) and disloca- 
tions (Ref. 39, 40, 41) produced in germanium erystals at elevated tem- 
peratures. 

There is much still to be learned about such things as precipitation, 
nucleation, interaction with dislocations and lattice defects, etc., for 
these dilute supersaturated solutions of impurities in semiconductors. 
Since the concentration range involved is considerably below that com- 
monly encountered in metallurgy, such studies should lead to fundamental 
new information on dilute solid solutions. 

As indicated earlier, the electronic properties of the impurity cen- 
ters in germanium and silicon which are of greatest importance are 
their ionization energies and capture cross sections for holes and elec- 
trons. The Group III acceptor elements (boron, aluminum, gallium) 
and the Group V donor elements (phosphorus, arsenic, antimony) have 
small ionization energies (of the order of 0.01 ev in germanium, and 
0.05 ev in silicon). Geballe, Morin, et al. (Ref. 42, 43) have made precise 
measurements of the thermal ionization energies of these impurities in 
germanium and silicon and have found interesting trends in the values 
for the different elements. Burstein and his co-workers (Ref. 29) observe 
similar effects in the optical ionization energies. Kohn and Luttinger 
(Ref. 44) have discussed these departures from a simple hydrogen-like 
model and have correlated them with spin resonance measurements (Ref. 
45) of the donor elements in silicon. 

Because of their small ionization energies the Group III and V im- 
purities are almost completely ionized at room temperature so that they 
contribute one hole per acceptor atom or one electron per donor atom 
to the conductivity of the semiconductor. They have relatively large 
distribution coefficients (see Table III) and thus have a high solubility. 
They also have small diffusion coefficients (Ref. 46, 47), so that p-n 
junctions prepared with these impurities should be quite stable. Fuller 
(Ref. 48, 49) has found that lithium also gives donor centers in ger- 
manium and silicon with a small ionization energy like the Group V 
donors. However, it has a large diffusion coefficient, and precipitation 
oceurs at room temperature. 

Many of the elements from other regions of the periodic table give 
centers having larger ionization energies (Ref. 28, 29). Frequently two 
distinet energy levels have been found to be associated with such im- 
purities, For example, copper in germanium gives one acceptor level, 
with an ionization energy of 0.04 ev (Ref. 50), and another just below 
the middle of the energy gap at about 0.3 ev (Ref, 51) above the valence 
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band. The 0.04-v level contributes primarily to conductivity, but the 
0.3-v level has large capture cross sections for both holes and electrons 
and is important as a recombination center which reduces the minority 
carrier lifetime. Gold (Ref. 52, 53), nickel (Ref. 51), iron (Ref. 54, 55), 
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Fic. 6 Effect of 2 X 10— atom fraction of nickel on the lifetime of minority 
carriers in germanium single crystals (Burton, et al., Ref. 51). The points 
are measured values of lifetime for two series of germanium crystals grown 
from melts containing antimony or indium to control the resistivity. The 
series represented by triangles contained no other intentionally added im- 
purities. The series represented by circles was grown from germanium 
melts containing 3 mg of nickel corresponding to 2 X 10~"° atom fraction 
in the crystal. The curves were calculated from the Hall-Shockley-Read 
(Ref. 9, 10) theory of recombination through traps. 


cobalt (Ref. 54, 55), and lattice defects (Ref. 56, 57, 58, 38) and disloca- 
tions (Ref. 39, 40, 41) are other impurities and imperfections in ger- 
manium that give energy levels near the center of the forbidden band; 
these act either as traps or recombination centers with capture radii of 
the order of magnitude of 1 A at room temperature. 

Nickel is especially effective as a recombination center in germanium 
(Ref. 51). Fig, 6 shows the effect produced by 2 x 10>! atom fraction 
of nickel on the minority carrier lifetime in germanium single crystals 
(Ref, 61), Copper also causes a similar reduction in lifetime at a con- 





Chapter 2: IMPERFECTIONS IN GERMANIUM AND SILICON 49 


centration about ten times larger than this. It is estimated that the cap- 
ture cross section for holes at a nickel center is greater than 40 square 
angstroms, and for electrons about 0.8 square angstrom. For copper, the 
cross sections are about 1.0 square angstrom for holes and 0.1 square 
angstrom for electrons. 

The minority carrier lifetime in supposedly pure germanium crystals 
is probably controlled by residual traces of impurities like copper or 
nickel, or by lattice defects or dislocations. Which of these is most im- 
portant undoubtedly depends on the purification and crystal growing 
procedures used. For crystals like those shown in the upper curve of 
Fig. 6, the observed lifetimes could be accounted for by residual impuri- 
ties such as copper and nickel, or lattice defects at concentrations of the 
order of 10—2°-10~-1! atom fraction, or by dislocations at concentrations 
of the order of 10*-10°/em?. Such concentrations are very small, indeed, 
and result in quite severe requirements on the purity and perfection of 
germanium crystals for use in transistor devices. 


SUMMARY 


Some effects of impurities and imperfections on the volume properties 
of semiconductors have been discussed. The volume properties which 
are most important for transistor applications are: the energy gap, the 
mobility of the charge carriers, the conductivity, and the lifetime of the 
minority carriers. 

Some important chemical and metallurgical properties of impurity 
elements are their distribution coefficients, solubilities, and diffusion co- 
efficients. The electronic properties of the impurity centers or imperfec- 
tions of greatest interest are: the energy levels, and the capture cross 
sections for recombination or trapping. 

Little has been said about the effects of impurities and imperfections 
on the surface properties of semiconductors. This is a very important 
subject, however, and much interesting work is now being done which 
should lead to a fundamental understanding of semiconductor surface 
phenomena. 
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2B. THERMAL EFFECTS ON LIFETIME OF MINORITY 
CARRIERS IN GERMANIUM * 


R. A. LOGAN AND M. SCHWARTZ 


Earlier work has shown that germanium may be heated to elevated tem- 
peratures (~875°C) without significant change in its room temperature 
resistivity, provided special care is taken to prevent chemical contamina- 
tion. Such precautions were not sufficient, however, to prevent a drastic 
decrease in the minority carrier lifetime. 

In the present work it is shown that if, in addition to cleanliness, special 
precautions are taken to avoid the introduction of strains or plastic 
flow in the germanium crystal, minority carrier lifetimes in excess of 
100 psec can be maintained after such heat treatments. 


When germanium is heated to 500°C or higher changes usually occur in 
the resistivity (Ref. 1). It has been shown (Ref. 2) that these changes 
are due to the entrance of atomic copper into the crystal lattice during 
the heat treatment, These changes in resistivity may be prevented by 
precleaning the germanium crystal surface and heating in an atmosphere 
which is relatively free of volatile impurities. However, these procedures 
are not sufficient to prevent large changes in the room temperature life- 
time of minority carriers (Ref, 3). 


* Originally published in Phys, Rev, Vol, 95, Oct, 1, 1054, 
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Recent experiments have shown that to maintain high lifetime, not 
only must the level of chemical contamination be further reduced, but 
also care must be taken to prevent damage to the crystal lattice during 
the heat treatment. Methods have been developed so that it is now pos- 
sible to heat germanium to elevated temperatures (~875°C) for several 
minutes, retaining original resistivity and, in addition, a room tempera- 
ture lifetime of several hundred microseconds. In the experiments re- 
ported on here, lifetime was measured by the method of Haynes and 
Hornbeck (Ref. 4). 

If electrons and holes were to recombine only by a radiative annihila- 
tion process, then the lifetime would be about one second at room tem- 
perature (Ref. 5). Observed lifetimes, being much smaller than this, 
indicate the presence of recombination centers. Three types of recom- 
bination centers are known: 1) chemical impurities (Ref. 6); 2) dislo- 
cations introduced into crystals by plastic deformation (Ref. 7); and 3) 
crystal imperfections (Ref. 8) such as vacancies or interstitial atoms 
whose high-temperature equilibrium concentration may be “frozen in” 
if the crystal is rapidly quenched (Ref. 3) after heating. 

The following procedures were applied in the successful attempt to 
prevent the introduction of these three respective types of centers. 

1. To remove chemical contamination, the germanium surface was 
cleaned by methods already described (Ref. 3). The heating was per- 
formed in a large stainless steel vacum system with a residual pressure 
of about 2x 10-5 mm Hg. Germanium specimens were heated by 
clamping them between chemically cleaned molybdenum electrodes and 
passing current through the specimen. 

2. To avoid plastic deformation during heating, one electrode was 
made as flexible and as lightweight as possible to minimize the stress ex- 
erted on the sample. The sample was suspended in a vertical position 
between this electrode and a fixed upper electrode. With this heating 
arrangement germanium rods with cross section 0.1 in. x 0.1 in. (or 
larger) were heated to high temperature (~875°C) for several minutes. 
They retained their original resistivity and had a lifetime in excess of 100 
psec. Rods of smaller cross section, e.g., 0.05 in. x 0.1 in. could not be 
heated successfully in this way because, presumably, of the deformation 
caused by the small residual stress exerted by the electrodes. However, 
such rods could be heated on a flat horizontal molybdenum strip which 
was held between similar electrodes and maintained at 935°C for 10 min. 
The rods, heated in this way, retained their original room temperature 
lifetime (7 ~ 150 usec). 

3. To avoid quenching effects, the samples were cooled slowly (ap- 
proximately 100°C/min). However, if the rods were rapidly cooled by 
shutting off the power after the heat cycle, the lifetime was lowered. 
For example, a rod, rapidly cooled in this way after heating on the 
molybdenum strip as described above, had the lifetime reduced from 
150 paseo to 50 paseo, 
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The results presented here may be applied in the design of a heating 
system in which germanium may be heated to elevated temperature for 
extended times without impairing resistivity, and in addition, maintain- 
ing a high lifetime. 
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2C. RESTORATION OF RESISTIVITY AND LIFETIME IN 
HEAT TREATED GERMANIUM * 


R. A. LOGAN AND M. SCHWARTZ 


Experiments are described in which minority carrier lifetime and resis- 
tivity of germanium are altered by the addition of copper by diffusion, 
under conditions where extraneous chemical contamination 1s minimized. 
This copper is then gettered by heating the samples in contact with liquid 
lead or gold, and the resistivity and lifetime are substantially restored. 
The gettering process is interpreted in terms of the low distribution co- 
efficient of copper in the ternary system which copper and germanium 
form with the getter. 


INTRODUCTION 


C. 8. Fuller (Ref. 1) has shown that when metals such as gold, silver, 
antimony, zine, and tin are wetted to the surface of a germanium wafer, 
there is a marked reduction in the copper contamination of the sample 
in subsequent heat treatment. Furthermore, he has shown that where 
carrier lifetime was decreased by heat treatment, substantial improve- 
ments could be achieved by heating the sample in contact with these 
metals. 

Recently the distribution coefficient of copper (the ratio of concentra- 
tion in the solid to that in the liquid) was measured (Ref. 2) in the 
ternary system which copper and germanium form with several metals. 


* Originally published in J, Appl. Phys, Vol, 26, Nov. 1955. 





54 TECHNOLOGY OF MATERIALS 


It was found that the distribution coefficient of copper in the ternary 
system formed with lead and germanium was 6.3 X 10-® at 700°C for 
dilute solid solutions. When lead is replaced by tin or indium, this co- 
efficient is reduced by a factor of about 10 and, with gold, the distribu- 
tion coefficient is reduced by a factor of about 30. This suggests that 
these elements would be very effective in gettering copper out of ger- 
manium. The gettering process is, of course, assisted by the fast dif- 
fusion of copper in. germanium. 

The changes in resistivity of germanium which are produced by heat 
treatment are known (Ref. 3) to be due primarily to copper that enters 
the crystal lattice. In addition, copper (Ref. 4) is known to be a re- 
combination center. However, there are other sources of recombination 
centers such as nickel (Ref. 4), plastic deformation (Ref. 5), disloca- 


tions (Ref. 5, 6), or quenched-in imperfections (Ref. 7). When lifetime 


is decreased by heat treatment, it is usually difficult to identify unam- 
biguously the recombination centers that caused the decrease. 

In the experiments described here, it is shown that in germanium, where 
lifetime and resistivity have been markedly changed by the addition of 
copper during heat treatment, the crystal can be substantially restored to 
its original resistivity and lifetime by heating in contact with lead or gold. 
These results suggest that the same effect might be produced by other 
metals where the distribution coefficient of copper in the copper-ger- 
manium-metal system is small. 

Some of the important characteristics of a liquid gettering agent are 
the following: 

1) The solubility of germanium in the liquid phase should be low so as 
to minimize loss of the germanium sample by the alloying. Alternatively, 
one can overcome this by using alloys of the gettering agent with 
germanium, which are saturated with germanium at the gettering tem- 
perature. 

2) The distribution coefficient for copper in the copper-germanium- 
gettering agent ternary system should be small (Ref. 2). 

It is convenient to perform the gettering at temperatures where the 
diffusion coefficient of copper is sufficiently high so that, in a time of the 
order of minutes, copper will diffuse out of germanium samples of dimen- 


sions customarily used in device applications. The diffusion constant of 


copper in germanium is 2.8 x 10—° cm?/sec throughout the temperature 
range 700°C-900°C (Ref. 8). Hence at 700°C, for example, the mean 
diffusion length in one minute is 0.016 in. 


EXPERIMENTAL PROCEDURE 


The experiments described here were performed at 700°C. Since the 
solubility of germanium in liquid lead is small (5 atomic per cent) at 
this temperature, only a small amount of lead germanium alloy is formed, 
Although liquid gold dissolves more germanium (35 atomic per cent at 
700°C), again, only a small amount of alloy is formed since gold can be 
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electroplated on germanium, and only a thin layer of gold need be used 
(~0.0001 in.). 

The germanium used in these experiments was in the form of rods, 
about % in. X ¥% in. X 1 in., which were cut from crystals having intrinsic 
room-temperature resistivity and high body lifetime. Resistivity of the 
rods was measured by the two-point probe technique at dry-ice tempera- 
ture where there was a negligible contribution to conductivity by therm- 
ally generated carriers. The difference between the donor and acceptor 
concentrations, Np — Nu, can be then obtained from the resistivity 
measurement (Ref. 9). Lifetimes were measured at room temperature 
by the method of Haynes and Hornbeck (Ref. 10). 

After recording the resistivity and lifetime of the experimental samples, 
a visible, uniform layer of copper was plated on the samples, and they 
were then heated in a cleaned quartz tube under an atmosphere of helium 
at 700°C. The quartz was cleaned by soaking for five minutes in 48 
per cent HF, rinsing in de-ionized water and heating to the softening 
point in an oxy-hydrogen flame. 

The samples were then lapped to remove any copper-rich phase which 
formed, and the resistivity and lifetime were measured again. Since the 
resistivity of the copper-doped rods was low (~1 ohm-cm), the resistivi- 
ties in this case were measured at room temperature, and Np — N,4 was 
again calculated. 

The next operation was to remove the copper which had been dissolved 
in the crystal and to observe the effect of this gettering on resistivity 
and lifetime. 

The samples were first cleaned (Ref. 7) by etching in CP-4 and soak- 
ing in an aqueous solution of KCN. The metal which was to act as the 
gettering agent was next applied to the surface of the sample. Gold was 
applied by electroplating. Spectroscopically pure lead was applied in the 
form of wafers of area comparable to a surface of the sample and 0.020 in. 
thick. The lead wafers were cleaned by etching (Ref. 11) and soaked in 
an aqueous solution of KCN. It was not ascertained whether this clean- 
ing of the lead was necessary. However a copper content of 0.005 atom 
per cent in the lead would produce a concentration of 108/cc in the ger- 
manium (Ref. 2). The wafer was wetted on the sample by heating the 
sample and lead on a chemically cleaned molybdenum foil with a Bunsen 
burner. The molybdenum foil was cleaned by soaking in HCl, rinsing in 
de-ionized water, then soaking in an aqueous solution of KCN, and finally 
rinsing again in de-ionized water. 

Samples treated in this way were wrapped in chemically cleaned 
molybdenum foil and sealed in cleaned quartz tubes under an atmosphere 
of helium. The tubes were heated at 700°C for one to one and one-half 
hours, The heating time was chosen such that the copper atoms would 
be able to diffuse to the wafer surface where they would be gettered by 
the alloyed metal, 

After this heating, excess lead was removed by preferential etching 
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(Ref. 11), and the alloyed regions were removed by lappi fe hee 
ifeti ing. R 
and lifetime were then measured. y lapping. Resistivity 


RESULTS 


The results of experiments studyin 1 i 
t g gold and lead as gettering agents 
are presented in Table I. The impurity concentrations listed in the table 


TABLE I 





A. Experiment with Lead as Gettering Agent 


Fe After Heati 
Original Values After Copper Plating i: are i = 





Sample Prior to Experiments and Heati 
eating 1 hr at 700°C Contact with 
Number |Np — Na|/ce 7 (usec) |Np — Na|/ce 7 (usec) |Np—- Nal/ec a 
1 ~2 X 10!2(N) ~600 6.0 X 1014(P) 
: 8 3.6 X 1013 
: n~2x 10¥(N) ~600 1.6 X 1015(P) 3 5.0 x 101%.) oS 
~2 X 10!2(N) ~600 1.1 X 1015(P) 5 9.0 X 10!2(N) 136 





B. Experiment with Gold as Gettering Agent 





Original Values After Copper Platin i 
oe . Prior to Experiments and Heating 1 hr at 750°C Gatae tsar mn +e 
umber |Np — Na|/ce 7 (usec) |Np—Na|/ce (usec) |Np—Nal|/cc —_r(usec) 
1 ~5 X 1013(N) ~900 . a8 
2 ~5 X 1013(N) ~900 es x 10'8(P) en ae 380 
3 Control sample, gold plated and heated 14 hr at 700°C “ 4 
~5 X 10!3(N) ~900 seats at 6 x 10!3(N) 364 
4 Control sample, not plated but heated 114 hr at 700°C 
~5 X 10!3(N) ~900 : 2.5 X 1013(N) 20 





are determined from the resistivity measurements (Ref. 9). The mark 
N or P after the impurity concentration refers to resistivity type of the 


sample, as determined from the sign of the thermoelectric voltage (thermal 
probe technique). 


CONCLUSIONS 


The experiments confirm the remarkable degree to which copper can be 
extracted from the germanium lattice. The resistivity and lifetime of 
germanium which is copper doped by heat treatment can be substantially 
restored by heating in contact with a gettering agent such as lead or 
gold. These results are in agreement with the earlier results of Fuller 
(Ref. 1). In addition, as observed by Fuller (Ref. 1), the presence of a 
metal such as lead or gold on the geraminum surface will reduce or pre- 
vent copper contamination during heat treatment. 

The present experiments indicate that gold is more effective than lead 
as a gettering agent. There are possibly two reasons for this, In the 
first place, the distribution coefficient of copper in dilute solution in the 
copper-gold-germanium ayatem is Yo that in the copperslead-germanium 
ayatem, Hence, the level of copper contamination in germanium aould 
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be reduced more by gettering with a given amount of gold than by the 
same amount of lead. Secondly, gold was electroplated over the entire 
sample whereas lead was applied only to one side of the sample. In the 
electroplated sample, not only would copper atoms have a shorter distance 
to diffuse on the average, but the samples would be protected from any 
copper contamination present in the heating system. The latter factor is 
not negligible since the heating procedure used in removing the copper 
with gold, i.e., heating 1% hr at 700°C, reduced the lifetime to 20 usec 
in a control sample without a getter. In this case, Np — Na was essen- 
tially unchanged from its original value. 

In previous work (Ref. 6, 7) it was shown that germanium samples 
could be heated at high temperature (~850°C) and yet maintain body 
lifetime in excess of 100 psec and alter Np — Na by only ~101?/ce. 
This required the use of procedures to avoid chemical contamination and 
plastic deformation. In the present experiments, the electrical character- 
istics of germanium are altered by diffusing copper into the samples 
and are then restored by gettering the copper. Although the resistivity 
was restored to very nearly its original value, the lifetime never returned 
to its original high value. This may be due to the small impurity con- 
centration that remained in the samples or may be ascribed to plastic 
deformation during the heat treatment. 
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2D. REMOVAL OF BORON FROM SILICON BY HYDROGEN 
WATER VAPOR TREATMENT * 


H. C. THEUERER 


Boron may be removed from liquid silicon by treatment with hydrogen 
containing water vapor. Use of this method coupled with zone refining 
makes it possible to prepare higher purity silicon than is otherwise 
possible. 


Even the highest purity silicon available for semiconductor use con- 
tains significant amounts of donors and acceptors, usually aluminum, 
phosphorus, and boron. Aluminum and phosphorus can be removed 
from silicon by adaptations of the zone-refining techniques (Ref. 1) 
widely used with germanium. Removal of boron, however, has been a 
difficult problem. The approximate distribution coefficient for boron in 
silicon is 0.8, so that, while zone refining is possible, it is not very effective 
in any reasonable number of passes. It has been found, however, that 
boron can be effectively removed from silicon by treatment of a liquid 
zone with hydrogen and water vapor. Starting with 40 ohm-cem, n-type 
silicon, use of zone refining coupled with hydrogen water vapor treatment 
has resulted in p-type silicon with a resistivity of 3000 ohm-cm. Initially, 
this material contained boron and phosphorus at concentrations of ~1014 
atoms/em*. After refining, the boron and phosphorus concentrations 
were 4.3 X 101 and 3.0 x 101! atoms/cm, respectively, as determined 
by low temperature Hall effect measurements. 

In addition to the work on boron removal, which will be discussed in 
detail, the effect of water vapor on phosphorus and aluminum in silicon 
was studied. It was found that hydrogen water vapor treatment reduced 
the aluminum concentration by 16 per cent, but that this effect is small 
compared to that obtained by zone refining, because of the favorable 
distribution coefficient (0.003) of aluminum in silicon. Phosphorus in 
silicon is not removed by hydrogen water vapor treatment. 


SuRFACE TENSION SusPENSION Me.tiInG. The removal of boron by 
hydrogen water vapor treatment was studied in detail, using a method in 
which a liquid silicon zone, supported by surface tension between solid 
sections, is caused to traverse the rod. In this way unwanted side reac- 


* Originally published in J. Metals, Vol. 8, Oct. 1956. 
The writer is greatly indebted to a number of his colleagues at Bell Telephone 
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have been possible. Among these are J. M. Whelan and J. B. Jamieson, who pre- 
pared the hydrogen-reduced silicon. The 3000 ohm-cm silicon cited was prepared 
and characterized by J. M. Whelan, and the low temperature measurements were 
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soribed, The many discussions, advice, and encouragement given by J. H. Scaff 
are alo gratefully acknowledged, 





Chapter 2: IMPERFECTIONS IN GERMANIUM AND SILICON 59 


tions were eliminated. The apparatus used for surface tension suspension 
melting is shown schematically in Fig. 1. It consists essentially of a 
quartz tube % in. O.D. X 22 in. long with %¢ in. wall, to each end of 
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Fig. 1 Apparatus for surface tension suspension melting. 


which brass end caps are attached with picein wax. The lower end cap 
contains an outlet for hydrogen and a chuck for mounting a silica support 
rod terminating in a cup for holding a silicon seed crystal. The end cap 
is also attached to a drive mechanism which allows the assembly to be 
lowered at controlled rates between 0.05 and 0.2 in./min. The upper end 
cap of the apparatus is provided with a hydrogen inlet and a support 
chuck attached to a serew mechanism for vertical adjustment of the 
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upper rod assembly. The chuck is fitted with a silica holder and cup in 
which the silicon rods to be treated are cemented, using a mixture of 
powdered quartz bonded with sodium silicate. This method of zone re- 
fining was developed independently at Bell Telephone Laboratories and 
is similar to those described by Keck (Ref. 2) and Emeis (Ref. 3). 

In conducting the experiments, the tube is continuously flushed with 
hydrogen with or without water vapor added at a flow rate of 1 liter/min. 
The hydrogen used is purified by passing over palladinized Alundum to 
remove oxygen and through activated charcoal at liquid N. temperature 
to remove water vapor and condensable gases. Where water vapor is 
added, this is done by saturating the gas and passing it through a con- 
denser held at a controlled temperature. 

A liquid silicon zone is now established at the seed rod junction, using 
direct induction with a 5-me generator. If the resistivity of the silicon 
is above 0.1 ohm-cm, it will not heat by induction at temperatures below 
about 700°C. In such case, it is necessary to heat the silicon to this 
temperature by other means. Preliminary heating may be done con- 
veniently by applying a Bunsen flame to the quartz envelope at the loca- 
tion where melting of the silicon is desired. After melting, to compensate 
for matter transport (Ref. 4) occurring because of differences in the 
solid and liquid volumes of silicon, the upper rod is lowered 0.005 in. 
This expands the zone diameter and compensates for the volume shrink- 
age occurring on liquefaction. If this is not done, necking of the rod 
occurs as the initial zone freezes; and since the process is repetitive, with 
multiple passes such necking can become severe. The zone may now be 
caused to traverse the rod by moving the apparatus through the induc- 
tion coil at a controlled rate. When the zone is about 1 in. below the top 
holder, the zone travel is stopped and the zone solidified by slowly re- 
ducing the power. During solidification, the upper rod is lifted 0.005 in. 
to compensate for expansion on freezing. Where multiple passes are 
desired, the heat may now be transferred to the starting position by 
gradually raising the apparatus through the energized induction coil. 
The initial zone may then be reliquefied and the process repeated. 


Smticon Preparation. The silicon used in these experiments was de- 
posited on tantalum tape by the hydrogen reduction of silicon tetra- 
chloride. When silicon containing either boron or phosphorus was re- 
quired, this was prepared by adding boron trichloride or phosphorus tri- 
chloride to the silicon tetrachloride. In cases where aluminum doping 
was required, a small amount of the element was added to the initial sili- 
con zone. Since aluminum has a low distribution coefficient with silicon, 
moving the zone'through the rod does not rapidly deplete the aluminum 
from the liquid, and a fairly uniform composition is obtained in the freez- 
ing solid, 

The silicon grown by the hydrogen reduction method has a tantalum 
core which must be removed, To do this, the rods are slit lengthwise 
through the central axis to expose the tantalum, Residual tantalum is 
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removed by solution in hydrofluoric acid, and _the silicon is finally etched 
in a mixture of nitric and hydrofluoric acids. In these experiments, four 
such rod sections were bundled together for use in the zone process. 


Boron REMovaL By HyprocEN WaTER Vapor TREATMENT. To study 
the removal of boron by hydrogen water vapor treatment, changes in 
resistivity of boron doped silicon rods were determined after various 
treatments. The boron concentration determines the resistivity in accord- 
ance with the following relationship: 


1 

‘(a 

peu 
where C is the boron concentration in atoms/cm’, p is the resistivity in 
ohm-cm, ¢ is the electron charge in coulombs, and » is the mobility in em? 
volts~1/sec. Since the values for the mobility (Ref. 5) are known, the 
above expression can be evaluated. In these studies, the time depend- 
ence of the treatment and the effect of water vapor concentration on the 
reaction were determined. In studying the time dependence of the re- 
actions, boron doped silicon was given the following sequence of treat- 

ments: 

1) An initial zone pass in dry hydrogen at a travel rate of 0.1 in./min 
to characterize the rod. 

2) A zone pass in hydrogen saturated with water at 0°C. Toward the 
end of the run the water vapor was eliminated. 

3) A zone pass at a travel rate of 0.1 in./min in dry hydrogen. 

4) A zone pass as in 2 above, except that the water treatment. was 
continued throughout the run. 

5) A final zone pass, the first 214 in. of travel being at a rate of 0.05 
in./min and the balance continued at the former rate of 0.1 in./min. 

Resistivity measurements made along the rod after each of the above 
treatments are shown in Fig. 2. The following conclusions may be 
drawn from these data: 

1) Wet hydrogen treatment reduced the boron concentration in the 
silicon. Elimination of water vapor toward the end of the first wet 
hydrogen pass (curve 2) terminated boron removal from the liquid zone. 
From this point, the resistivity gradually falls and approaches the initial 
value. This tailing effect occurs because the liquid zone prior to elimi- 
nation of water vapor is purer than the ensuing feed material. Upon 
elimination of the water vapor, introduction of impure feed gradually 
raises the boron concentration in the liquid zone, which is reflected by 
an increased boron concentration in the freezing solid. The observed 
effect should, therefore, be a gradual lowering of the resistivity. When 
steady state conditions are reestablished in the zone, the forming solid 
and the feed material will have the same composition and hence the same 
resistivity. 

2) Boron removal by water vapor is irreversible since subsequent 
treatment in dry hydrogen shows no significant changes in resistivity. 
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3) A second pass in wet hydrogen resulted in further removal of boron, 
as indicated by the increase in resistivity of the silicon. 

4) The final run in wet hydrogen reveals the time dependence of the . 
purification reaction. Doubling the time of treatment by decreasing the 
rate of zone travel resulted in a correspondingly larger removal of boron. 


. DRY H 


. Hg-SATURATED WITH HgO AT 0°C, WATER REMOVED 
DURING LAST PART OF RUN AS INDICATED 
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Fia. 2 Resistivity of silicon after successive hydrogen water vapor treatments, 


Prior to solidification, the last zone in this run was held molten for 4 min 
in the wet hydrogen. A steep rise in resistivity at this point reflects the 
enhanced purification in the last zone due to added time of treatment in 
wet hydrogen. 

In each of the above experiments, the rate of zone travel was 0.1 
in,/min, except for the initial part of run 5, where the zone travel was 
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0.05 in./min. Since the zone length throughout was 0.25 in., the treat- 
ment times for the above travel rates were 2.5 and 5 min, respectively. 
The incremental rise in resistivity with time of treatment, shown in Fig. 
2, suggests that the rate of boron removal is proportional to the boron 
concentration. 

To determine the influence of water vapor concentration on the rate 
of boron removal from silicon, a second rod containing boron was char- 
acterized after one zone pass in dry hydrogen. Resistivity measurements 
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Via. 3 Resistivity of silicon with various concentrations of water vapor in hydro- 
gen. 


along the length of this rod indicated a boron concentration of ~1 x 1018 
atoms/cem*. A second pass was started through the rod at the travel rate 
of 0.05 in./min in dry hydrogen. After approximately one fourth of the 
rod was traversed, a partial pressure of 0.94 mm of water was introduced 
to the hydrogen. When one half and three quarters of the rod were tra- 
versed, the water vapor pressure was increased to 4.6 and 9.8 mm, respec- 
tively. The resistivity measurements plotted as a function of rod loca- 
tion are given in Fig. 3. It is immediately apparent that the amount 
of boron removed increased with increasing water vapor concentration 
in the hydrogen. The initial peaks in the curve at the beginning of the 
third and fourth treatments reflect enhanced purification in these initial 
zones, This occurred because these zones were held static for about 5 
min prior to zone travel to equilibrate the system with the new water 
vapor concentration, 
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From the resistivity data of Figs. 2 and 3, the amount of boron re- 
maining in the rod after each treatment was calculated. Analysis of the 
data obtained by varying both the time of treatment and the water vapor 
concentration in the boron removal experiments revealed that 


B 
log = —ktV p, (1) 


0 


where B is boron concentration after treatment, Bo is initial boron con- 
centration, p is partial pressure of water vapor in mm introduced to the 
system, t is time of treatment in min, and k is the rate constant. 
Equation (1) suggests that boron removal involves a heterogeneous 
reaction occurring at the surface of the molten silicon. The process in- 
volves the oxidation of both silicon and boron and evaporation of the 
oxidation products which condense on the tube walls. That oxidation of 
boron is involved has been established by chemical analysis, which re- 
vealed the presence of a borate in the wall deposits. Since the reaction 
occurs at the silicon surface, the rate of change in boron concentration 
should be dependent on the area to volume ratio of the liquid silicon, 
assuming the boron concentration is uniform in the liquid zone. In the 
above experiments the area and volume of the liquid zones were main- 


tained constant at 1.01 cm? and 0.129 cm, respectively. Taking the area 


volume dependence in account, equation (1) becomes 


B A 
log — = —0.013 —tV 9, 2 
eR vive (2) 


where A is area of liquid silicon in cm?, and V is volume of liquid silicon 


in cm’, 

Equation (2) is useful in estimating the boron removal to be expected 
for variations in the above parameters. The surface to volume ratio 
is of particular importance, and hence should be kept as large as possible 
in designing processes involving this reaction. Boron removal using wet 
hydrogen is possible in crucible processes either by passing the gas mix- 
ture over the silicon surface or by bubbling the gas through the melts, 
Inert gases, such as helium, or partial pressures of water vapor alone have 
also been used. It has been found, however, that hydrogen water vapor 
is most effective. 


SUMMARY 


It has been shown that boron can be effectively removed from silicon 
by treatment in hydrogen containing small amounts of water vapor. The 
removal efficiency is increased by both the time of treatment and the 
concentration of water vapor used, Normally, hydrogen saturated at 
0°C was used, Saturations above 10°C were avoided because of the 
tendency toward crusting of the silicon with silica, 
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2E. FLOATING ZONE REFINING OF SILICON * 
E. BUEHLER 


A floating zone refining apparatus for silicon which. can operate wnat- 
tended has been assembled to assist in the production of high-purity 
material for research purposes. Features of this equipment are a simple 
mechanical drive, a switching panel to recycle the apparatus, and a 
self-stabilizing RF heating circuit to maintain constant zone length. 
Silicon containing less than 1 part per billion of electricity active im- 
purities (resistivity of 16,000 ohm-cm and lifetime of 1.2 ms) has been 
prepared. The effect of many pass refinings on the diameter of the 
sample ts discussed. Surface tension effects on material transport are 
significant. 


An increased demand for silicon of extremely high purity has developed 
since its usefulness as a semiconductor material became apparent. Al- 
though it is now being produced commercially containing less than 10 
parts per billion of impurities, higher purity is required for many funda- 
mental studies. Silicon with less than 1 part per billion of impurities 
would be helpful to complete the evaluation of its intrinsic properties and 
also to permit a better understanding of conduction properties in high- 
resistivity semiconductors. 

Multiple recrystallizations by the zone-refining technique of Pfann 
have been very effective for purifying germanium (Ref. 1) and silicon 
(Ref. 2, 3, 4). Of the two, silicon has proved to be the more difficult 
to refine. Attempts to purify commercially available silicon using the 
same techniques employed for germanium have been made (Ref. 3). 
However, because of the reactivity of molten silicon it is difficult to find 
“ container to hold the silicon during the refining. Fused silica is gen- 
erally used as a container, but molten silicon slowly attacks silica and 
the ultimate purity of the silicon so obtained is limited by the purity of 





* Originally published in Rev. Sci. Instr., Vol. 28, June 1957. , 
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the fused silica container. (For each hour of contact with commercial 


transparent fused silica, approximately three parts per billion net ac- — 


ceptors are added to molten silicon at 1450°C.) 

The floating zone technique (Ref. 3, 4) for refining silicon is attractive 
because it avoids the use of any crucible. Crystals grown in a floating 
zone apparatus are free of heat treating effects (Ref. 5) on the resistivity 
and do not contain the long time-constant traps described by Haynes 
and Hornbeck (Ref. 6). The method consists of passing a molten zone 
(supported by surface tension) through a vertically mounted rod of sili- 
con which is held rigidly at both 
ends (Fig. 1). A gas-tight water- 
cooled envelope (usually fused silica) 








Cas surrounds the silicon rod. Argon, 
" — ——— FINISHING END helium, hydrogen, or vacuum may be 
used as an ambient. High frequency 

Seen currents are employed to induce 

MOLTEN section heating in a restricted area and melt 

t . eo HEATING a narrow section of the rod. After 

a establishing a molten region at one 

g | end of the rod, either the heating 

7 or, eee coil or the rod is moved so that the 

8 | zone travels to the other end of the 





—— —STARTING END 


ae rod. At the finish of a pass, the 
our melted section is allowed to freeze 
over. The rod is then returned to its 
original position and the floating 


Fic. 1 Floating zone refining shown Z0ne is again passed through the rod. 


This process is repeated until the 
desired purity is obtained. The 
number of passes which are required to reach a given purity is dependent 


schematically. 


upon the initial purity of the silicon and the distribution coefficients for 


the impurities involved. All Group III-Group V acceptor and donor ele- 
ments except boron are easily removed by multiple passes. Boron, with 
a distribution coefficient elose to unity, can be removed by zone refining in 
hydrogen-containing water vapor (Ref. 7). Theuerer and Whelan (Ref. 
3) have been able to make single crystal silicon having a resistivity of 
3000 ohm-cm and a lifetime in excess of 1 ms using this technique. 
These results demonstrated the value of the floating zone technique 
for the production of highly purified silicon single crystals. However, 
the distribution coefficients of impurities in silicon are generally less 
favorable than in germanium (Ref. 8) and more zone passes are required 
to achieve a comparable purity. Unfortunately only one floating zone 
at a time can be passed through an ingot. In addition, during the re- 
moval of boron by water vapor, quantities of silicon dioxide are formed 
which can interfere with crystal growth, The present work describes 
the development of an sutomatic instrument which has facilitated the 
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application of the floating zone process so that appreciable quantities 
of silicon can be produced with relative ease. By the use of such an 
automatic refiner, resistivities of 16,000 ohm-cm have been achieved. 


MECHANICAL Apparatus. A photograph of the zone-refining apparatus 
is shown in Fig. 2. It consists of a 10 kw-4 me RF generator for heating, 


—- 





Fic. 2 Photograph of automatic zone-refining apparatus. 


i mechanical means for moving the rod which is enclosed in a silica 
tube up and down, and a switching panel to recycle the mechanism auto- 
matically. 

Fig. 3 is an isometric schematic of the arrangement of mechanical 
components. The base member in this construction is a rigid rectangular 
¢hannel iron frame. Upon it are mounted two adjustable vee ways which 
form a confining track. A rectangular cage assembly travels in the vee 
ways on rollers and carries the silicon rod, silica envelope, seals, and 
rotation motors. Rotation of the chucks which support the silicon rod is 
provided in both upper and lower mounts. Alignment of upper and lower 
heads in the cage assembly was insured by line boring the split bearings 
into which they are clamped. Seals are made with lubricated “QO” rings. 
The lower mount has an integral cup drain to remove the cooling water 
Which is continuously flushed over the silica envelope. 

The silica envelope is a standard tube cut to size and fire polished 
at the ends, It is sealed at each mount with a compressible “O” ring, 
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Kia, 8 Arrangement of mechanical parts of floating zone refiner, 
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No grinding of the tube is necessary. Each head contains a water jacket 
which provides cooling at the “O” ring seats. 

The cage assembly is driven up and down by a screw which slides 
through a key and is actuated by a rotating nut. Variable rates of travel 
are obtained from a shock-mounted General Electric Thymotrol variable- 
speed motor linked to the nut via a belt, worm, and worm wheel combi- 
nation. Motor, belt, and gears are mounted under the table which sup- 
ports the frame. Vertical travel of the cage assembly is uniform and 
reproducible. A belt with a small cross section is used to insulate the 
assembly from motor vibrations. 

A hand screw adjustment for increasing or decreasing the distance be- 
tween the solid portions of the silicon rod is provided at the upper head. 
This permits control of the diameter of the molten zone which is useful 
for increasing or decreasing the diameter of the rods. 


RECYCLING 


A switching panel controls the recyling of the zone refining apparatus. 
Fig. 4 is a block diagram of the arrangement. The necessary steps in a 
complete cycle are divided into two series of operations. Lach series 
is begun when one of two limit switches (one at the starting end and 
one at the finishing end) is actuated. The steps in each series are 
spaced and timed by a multiposition synchronous timing switch. To 
accommodate varying bar lengths the position of the limit switches at 
each end of the bar is adjustable. 

The initial heating of the rod is controlled manually and may be done 
in one of two ways. Since the starting material is usually too high in 
resistivity at room temperature to couple to the RF field directly, some 
means of preheating must be employed. A low resistivity section in the 
seed separated from the starting point by approximately one inch can be 
used for direct coupling (Ref. 9), or a molybdenum chuck may be used to 
heat indirectly the seed end. After the silicon has reached a temperature 
of 800°C its resistivity will have decreased to a point where it readily 
absorbs power from the RF field. By moving the cage assembly the 
heated region is moved along the rod to the end of the seed, where a limit 
switch is actuated. The motor drive for the RF generator variac power 
control is engaged and thereafter all operations are controlled automati- 
cally. The starting series of events then occur: 1) RF power is increased 
to a preset limit via the motor drive on the variac. 2) After enough 
time has elapsed to permit the liquid zone to melt through the bar, the 
rotation and cage lowering drives are started. 3) The synchronous timer 
is then stopped. This completes the sequence at the seed end of the 
rod, ‘ 

The molten zone then passes from the starting end to the finishing end 
of the bar where the other limit switch starts a second series of events: 
1) REF power is decreased to a preset limit via the motor drive on the 
variae, The preset limit provides sufficient power to hold the solid silicon 
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rod at about 1200°C. Simultaneously the rotation is stopped. 2) After 
allowing enough time for the liquid to freeze, the lowering of the cage 
is halted. 3) The cage drive is then reversed. The return is made at a 
much higher velocity but slow enough to allow the silicon to be kept at 
near 1200°C as it passes through the coil. The rod will then be hot 
enough to absorb power as soon as the return to the starting end is 
completed. The second series of events is now concluded. 


~<—_ CAGE 
ASSEMBLY 


STARTING 


RF 
GENERATOR 


SWITCHING 
PANEL 





Fig. 4 Block diagram of automatic switching system. 


When the cage assembly reaches the starting limit switch, one entire 
cycle is complete and the whole operation is repeated. It has not been 
necessary to use temperature controls with this apparatus. Continuous 
operation of the equipment has been made feasible by the self-stabilizing 
action of the RF heating circuit described below. 


Execrricat Apparatus. Much has been published on the theory and 
applications of RF heating (Ref. 10, 11, 12) to industrial processes. In 
general the effort has been confined to two areas: one involving the sur- 
face heating of good conductors and the other concerned with the interna 
heating of dielectrics, Very little information on the heating of semi 
conductors with RF currents is available, However, by examining th 
equations of power transfer from an RF field some qualitative conclus 
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sions can be drawn which may serve as a guide in choosing an optimum 
frequency for the floating zone refining of semiconductors. 

For a cylindrical charge of uniform cross section in a helical coil, the 
power, P, dissipated per cm? of surface area in the charge is given ap- 
proximately by (Ref. 11): 


_ WV puf 


81 


P (1) 


where p = resistivity of the charge in emu = 10° X resistivity in ohm-cm, 
yu = relative permeability ~ 1 for nonferrous materials, 
f = frequency in cycles per second, 

H = 4xNI, magnetic field strength or ampere turns. 


An optimum frequency, f opty, for heating can be derived (Ref. 11) from 
equation (1) 
6.25p 
827 ur? 


(2) 


fopt) = 


where ro = radius of the work piece and where f (opt) is defined as a mini- 
mum frequency above which no gain in power transfer may be realized. 

If the radius of the work piece and the resistivity of the material are 
known, equation (2) can be solved. In the floating zone refiner, the RF 
energy will be absorbed by both solid and the liquid silicon. The re- 
sistivity of the solid and liquid silicon near the meeting point has not 
been measured. By assuming that the effective resistivity of the work 
is between 0.01 and 0.001 ohm-cm, the optimum frequency for a rod of 
(0.5 em radius is then found to be between 0.31 and 3.1 me. 

In floating zone work it is desirable to minimize the RF current in the 
work coil. Mechanical instabilities in the zone are created by the levita- 
tion forces (Ref. 13) induced by RF currents above 100 amp. In par- 
ticular, any low frequency modulation of the RF power can cause a 
mechanically unstable oscillation of the molten zone. It is difficult to 
filter the oscillator power supply sufficiently well to eliminate completely 
the low frequency modulation. However, by reducing the RF currents 
the mechanical effects of this modulation can be reduced. Equation (1) 
indicates that to obtain equivalent power at reduced current, an increase 
in frequency is indicated. From the standpoint of maintaining a mini- 
mum current, it would be advantageous to work at as high a frequency 
as possible. At 4 mc, mechanical oscillations of the molten zone are not 
troublesome with as much as 10 per cent 360 cps modulation of the RF 
envelope. 

In any RF induction heating application, the coupling between the coil 
and the work must also be considered. Since in this design the work 
must be separated from the coil by a silica envelope and some gaseous 
medium, the coupling cannot be close, In fact, to minimize contamina- 
tion from the quartz envelope it would be desirable to increase the spacing 
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between the coil and the work. Here again as high a frequency as pos- 
sible 8 indicated to obtain better power transfer for the loose coupling. 

A large spacing between the coil and the work also conflicts with 
maintaining a narrow zone in the rod since increasing the coil diameter 
increases the length of the rod which is heated by the RF field. Again a 
compromise is necessary and the maximum diameter work coil which may 
be used for a given rod size and a given frequency must be determined 
by experiment. 

Perhaps the most important factor in the application of RF heating 
to the floating zone work is that of zone length stability. Ideally in a 
constant diameter rod, a constant zone length should be maintained 
throughout the duration of a pass. Fluctuations in growth rate resulting 
from variations in zone length are undesirable. A constant zone length 


requir:s a constant power input. It therefore becomes important to ex-_ 


amine the relationship between load impedance, source impedance, and 
the power input to the work piece. To predict the behavior of a specific 
setup, a quantitative analysis of the interactions of these three variables 
is necessary. Such information is difficult to obtain in power circuits. 
However, a qualitative analysis of the variables can be made to indicate 
the coaditions required to obtain the maximum stability in an RF heat- 
ing apolication of this nature. 

The efficiency with which energy can be transferred from a source into 


a load is a function of the ratio of the load impedance to the source 


impedance. In the heating circuit shown in Fig. 5, the load impedance 
is thas seen looking into the resonant circuit from terminals A and B 
and tke source impedance is that looking into the generator from the 
same ‘erminals. Maximum power is dissipated in the load when the 
load impedance Z;, is equal to the source impedance Zs. A qualitative 
plot oj the power that is dissipated in the load as a function of the ratio 
Z,/Zs is also shown in Fig. 5. It is apparent in Fig. 5 that the impedance 
of the resonant circuit is a function of the resistance of the silicon rod. 
In gereral the conductivity of semiconductors increases when they melt 
(by a factor of 10 for germanium) (Ref. 15). Thus, an increase in the 
length of the molten silicon zone will decrease the impedance of the load 
Zz, and decrease the ratio Z,/Zs. Therefore, to obtain a stable zone 
length in silicon, the tank circuit (load) should be designed to operate 
where Z,,/Zg is less than unity. Then, as the zone length increases, the 
impedance of the load decreases and less power is put into the load, 
Conversely, when the zone length decreases, the load impedance increases 
and more power is expended in the load. The circuit becomes self-stabi- 
lizing and maintains a constant zone length in the rod. If the tank 
circuit is designed so that its impedance is equal to or greater than the 
source impedance, the liquid zone becomes unstable and a fluctuation in 
power can produce a runaway condition, 

The optimum frequency for maximum stabilization has not been de- 
termined, It appears that better stabilization would be obtained at 
higher frequencies, The change in load impedance which results from 
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a variation in zone length is due primarily to a change in the impedance 
of the work coil. It is therefore desirable to make this coil a major part 
of the total tank inductance. This can best be accomplished at the higher 
frequencies where the inductance and capacitance required for resonance 
in the tank circuit are small. The ultimate choice would be governed by 
the physical arrangement of parts, the limitations of a specific power 
oscillator and the net gain in stability for an increase in frequency. 





Fic. 5 Qualitative dependence of power input as a function of load impedance. 


When all the foregoing requirements are considered, an ideal RF cir- 
cuit for floating zone work with silicon would be designed to work at a 
minimum RF current, to operate at as high a frequency as possible, to 
work into as small a tank inductance as possible and to have the proper 
load impedance for maintaining stability. In the present work, 4.2 mc 
was chosen as the operating frequency. Since the generator impedance 
under load at 4.2 me was unknown, the final selection of the load im- 
pedance was made by experiment. 

A satisfactory circuit which operates at 4.2 me is shown in Fig. 6. A 
Westinghouse 10-kw, 450-ke generator was modified to operate at 4.2 me. 
The power supply was altered by substituting diodes for the thyratrons 
in the rectifier section. A 3-phase variac was used to control the power 
output, This was placed in the primary of the high voltage plate supply 
transformer, 
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Fic. 6 4.2 me circuit used for a floating zone refining of silicon. 


(1) RF choke—120 turns #10 copper wire wound on 3%-in. diameter 
ceramic core. 

(2) Blocking capacitor—.01 ufd. 

(3) Westinghouse WL-5604 oscillator. 

(4) Grid drive pickup—11 turns #10 copper wire on 3-in. diameter 
ceramic core. 

(5) Grid drive inductance (high X,) 12 turns #10 copper wire wound on 6- 
in. diameter ceramic core. 

(6) Tank capacitor—.0014 ufd—5500 volts 150 amp. 


(7) Series tank inductance—3 turns 1g in. O.D. copper tubing 1-in, 


diameter-close wound. 
(8) Work tank inductance—2 turns 1 in. O.D. copper tubing 7¢-in. diam- 
eter—close wound. 
(9) Grid tuning capacitor—50—-560 uufd 5000 volts vacuum. 
(10) & (11) RF choke—2 WL 150 ohm 60 watt resistors. 


(12) Grid bias resistors 13-310 ohm 40 watt resistors (in power supply of 


generator). 
(13) RF bypass .01 ufd mica. 


During the experimental phases of this work the load impedances were 
changed by increasing and decreasing the tank inductances. At one 
extreme (relatively large inductance) the zone length could not be con- 
trolled and a frequent adjustment of the power control was necessary to 
maintain a constant zone length. At the other extreme (relatively small 
inductance), the zone length was exceptionally stable, remaining uniform 
without any subsequent adjustment of the power control. However, this 
arrangement had a very poor heating efficiency. A higher heating effi- 
ciency with sufficient stability was obtained using a coil whose induc- 
tance was between the two extremes. It is evident that some efficiency 
must be sacrificed for the self-stabilization feature, 

The circuit shown in Fig, 6 is self-stabilizing and has permitted the 
use of the automatic reeyeling controls described above, Continuous runs: 
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of 24 zone passes over a period of 50 hr have been made without manual 
adjustment. 


DiaMETEeR Controu. The shape of a floating zone refined rod is de- 
termined by several factors. Pfann (Ref. 14) has pointed out that, 
during the horizontal zone refining of a material which expands on freez- 
ing, there will be a net transport of material with the moving zone. The 


DIRECTION OF TRAVEL 





(a) (b) (c) (d) 


Fig. 7 Shape of liquid zone during a pass through a diameter variation. 


same phenomenon occurs in the vertical floating zone (Ref. 16), but there 
is a strong gravitational force which opposes it when the zone moves 
upwards. By proper choice of zone length for a bar of given uniform 
diameter, these two forces can be balanced, and a bar of uniform di- 
ameter will be retained after many zone passes. 

The surface tension forces which hold the molten zone between the 
solid rods also affect the final diameter. Fig. 7 shows four sketches of a 
floating zone at different positions in a rod which contains a diameter 
variation whose length is large compared with the zone length. Sketch 
(a) shows the zone in the lower section (normal). If the zone length is 
properly chosen, the rod will maintain a uniform diameter. Sketch (b) 
illustrates what happens when the zone is in the lower transition region. 
Now the area of the upper liquid-solid interface is smaller than the lower 
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one. Thus the interfacial forces acting upward are reduced, and if the 
zone length remains constant, the liquid will sag. The sag causes a 
further increase in the diameter at the lower interface and a further de- 
crease at the upper interface. Thus this sort of diameter variation will 
accentuate itself as many zones are passed through it. Sketch (c) shows 
the zone in the thin uniform region (normal). Sketch (d) illustrates 
how the shape of the zone will appear in the upper transition region. 
Here the upper liquid-solid interface area is larger; hence surface ten- 
sion pulls the liquid upward, thinning the lower region. This condition 
is not as bad as the one in sketch (b) since it acts against the gravita- 
tional forces. Slow transport of material upwards at this point may 
occur, however. Here again the overall effect on such a diameter varia- 
tion is to make it worse with each pass. 

A secondary control which would automatically add material from the 
melting face in (d) and subtract it in (b) would compensate for the 
diameter variations. Since such a control was not used in this work, the 
initial starting rods were cast in tubes of very uniform diameter and 
these effects were usually avoided. 

Fig. 8 is a photograph of two rods which indicates the diameter uni- 
formity which can be achieved. Fig. 8(a) is a 0.400-in. diameter rod after 
24 passes. The maximum diameter variation is +0.010 in. Fig. 8(b) isa 
0.530-in. diameter rod after 11 passes. The maximum diameter variation 
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(b) 


Fia. 8 Photograph of two floating zone refined silicon single crystals. 


in this rod is +0.015 in. Both rods were quite uniform at the start, the 
smaller being a cast rod with +0.007-in. diameter variation and the 
larger being a pulled crystal with +0.015-in. diameter variation. 


MareriaAL PREPARATION. The silicon which has been refined in the 
present floating zone apparatus was first cast from commercial semicon- 
ductor grade raw material. The cast rods were made by a vacuum tech- 
nique first developed by H. C. Theuerer (Ref. 17), Fig. 9 is a sketch 
showing the essential parts of the casting apparatus. 

A silicon melt is prepared in a fused silica container in a controlled 
atmosphere (usually helium at approximately 15 lb/in®), The casting 
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mold which is a fused silica tube 1 cm to 2 cm in diameter is then im- 
mersed in the melt. A predetermined pressure drop is then applied to 
the casting tube through a valve connected to a vacuum reservoir. By 


VACUUM 







MANOMETER GAS OUT. 


Fic. 9 Schematic of casting apparatus. 


controlling the pressure in the reservoir, silicon can be raised to any pre- 
calculated height. Rods 25 em long and 1.3 em in diameter are readily 
prepared by this technique. 


RESULTS 


Materiau Evauuations. Absolute determination of impurity content 
in silicon in the 1012-101* atoms/cm? range have been difficult to make 
by conventional crystal pulling. Resistivity measurements are the most 
sensitive indicators for the Group III-Group V elements. However, 
where a Group III element is closely compensated by a Group V ele- 
ment, abnormally high resistivities are encountered which no longer give a 
simple indication of the absolute impurity content. In these cases low 
temperatures Hall effect measurements are required to evaluate the 
silicon. Boron is the impurity most commonly found in commercially 
available silicon, If such silicon is floating zone refined in an inert atmos- 
phere, the boron will not be removed because its distribution coefficient is 
near unity. Other impurities are easily removed by the process in a rela- 
tively few passes. Thus the base boron content in silicon of unknown 
purity can readily be determined by a 10-pass zone refining in dry 
hydrogen, After such a treatment, all donors and other acceptors will 
have been reduced in concentration to less than 1 x 10!* atoms/em® but 
the boron concentration will be relatively unchanged, Two lots of 
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commercial silicon which were evaluated in this way show a larger boron 
content than that which would normally be inferred to be present from 
resistivity measurements on pulled single crystals. 


Resistivity after 
10 Passes in the Boron Con- 


Resistivity after Floating Zone centration after 
Growth in Crystal Puller Refiner 10 Passes 
Lot I 20-100 ohm-cm 40-20 ohm-cm 5 X 104 
p type p type 
Lot II 100-200 ohm-cm 90 ohm-em 1.5 X 10" 
mixed n and p type p type 


An overnight run of about 10 passes on a rod is all that is necessary 
to get this information. All bars treated in this manner are single crystals, 
usually after the second pass. Subsequent refining in dry hydrogen re- 
duces the boron content only very slightly with each pass. The resistivity 
after 10 passes is therefore felt to be a good measure of the base boron 
content in the raw material. 


PuriIFIcATION. Purification of silicon in the zone refiner has been 
investigated, using the wet hydrogen technique of Theuerer (Ref. 7). 
The final purity of the silicon after a specific number of passes is largely 
controlled by the boron content of the raw material. 

Hydrogen of —19°C dew point was used at a flow rate of 0.3 liter/sec. 
The zone was passed through the silicon at 1 mil/sec. Under these condi- 
tions the oxidation of the silicon does not interfere with crystal growth 
and a single crystal will result. With this atmosphere and travel speed, 
boron is removed at an average rate of 2-3 x 108 atoms/cm?/pass at 
the 20-200 ohm-cm level and at an average rate of 4.5 x 10!” atoms/cm’/ 
pass at the 200-600 ohm-cm level. At these rates 30-40 passes would be 


required to obtain 600-1000 ohm-cm p-type silicon from raw material — 


with a base boron content equivalent to 20 ohm-cm. 
Resistivities as high as 16,000 ohm-cm p type have been obtained in 
silicon after 67 passes. The process, although effective, is still lengthy. 
Lifetimes range from 500 psec to 1200 psec. After 10 passes in dry 
hydrogen, the lifetimes are usually above 500 usec in the TSAR, range 
of 20-1000 ohm-cm. 
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2F. QUENCHED-IN RECOMBINATION 
CENTERS IN SILICON * 


G. BEMSKI 


Measurements of lifetimes of minority carriers in p- and n-type silicon 
indicate that quenching from temperatures above 400°C introduces re- 
combination centers. The energy of formation of these centers is about 
0.6 ev. These centers anneal at temperatures in the neighborhood of the 
quenching temperatures with an activation energy for annealing of about 
0.8 ev. 


INTRODUCTION 


Lifetime of minority carriers in both n- and p-type silicon decreases 
considerably after it is heated to temperatures above 400°C and cooled 
rapidly. These changes are of a reversible nature in the range of tem- 
peratures between 400°C-600°C, for after short annealing cycles in the 
neighborhood of quenching temperature the lifetime is recovered. The 
present paper reports the results of experiments designed to obtain the 
activation energy for formation of recombination centers. The anneal- 
ing of such centers has also been studied as a function of time and tem- 
perature. The results indicate that the quenched-in centers are generated 
within the crystal and may be imperfections such as vacancies or some 
unknown chemical impurities. 


EXPERIMENTAL PROCEDURE 


Silicon samples in the form of rods of dimensions 0.25 em x 0.25 
em X 2.0 cm were cut from p-n grown junction single crystals. The junc- 
tions were located at the center of the rods, dividing them into approxi- 
mately equal n and p parts. The rods were cleaned by etching them in 
CP-4, hot HNOs, and rinsing in deionized water. The samples were 
heated on a tantalum tray in a Hoskins electric radiation furnace, which 
was lined with a Vitreosil fused quartz tube. The tube and the tray were 
cleaned in hot nitric acid and heated at 1300°C in nitrogen atmosphere 
for several hours. Quenching was accomplished in about 1 see by re- 
moving the samples from the furnace and dropping them into ethylene 
glycol. In the annealing cycle samples were cooled at a rate of 30°/min 
from temperatures above 350°C. 

The lifetimes were measured by the “junction recovery” technique pre- 
viously noted (Ref. 1). The ratio of resistivities on both sides of the 


* Originally published in Phys. Rev, Vol, 108, Aug. 1, 1956, 

The silicon crystals used in the present experiments were grown by D, Lassota and 
BH, Buehler, The measurements were taken by R, Brown, Thanks are particularly 
due W, 'T, Read, Jr, and R, Logan for their interest and advice, 
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junction was kept at least 100:1, so that lifetime on the high resistivity 
side was measured. Six crystals were employed in present experiments; 
their high resistivity sides varied between 2 and 25 ohm-cm. Some of the 
crystals were rotated during growth (Ref. 2), and others were not rotated. 
Photoconductivity decay measurements (Ref. 3) on single conductivity 
type crystals with resistivity up to 300 ohm-cm have been made. The 
results showed that the behavior of these crystals on quenching and an- 
nealing was similar to those containing p-n junctions. 


RESULTS 


QUENCHING EXPERIMENTS. Samples of silicon have been heated to 
temperatures between 300°C and 600°C and quenched as described above. 
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Fig. 1 Logarithm of 1/7, the reciprocal of lifetime, vs 1000/7. The slopes give 
activation energy for introduction of recombination centers. 


Their lifetimes were measured at room temperature before and after 
quenching. Typical results represented in a plot of the reciprocal of 
lifetime vs 1000/7, where T is the temperature from which the crystals 
were quenched, appear in Fig. 1. According to the theory of Hall, Shock- 
ley, and Read (Ref. 4, 5) 


1/r is proportional to N, (1) 


where r is the lifetime and N is the density of recombination centers in- 
troduced in the present case on quenching. The plot indicates a relation 
of the form 1/r = Ce~*/*?, From the slope we obtain an activation 
energy / for formation of recombination centers of about 0.6 ev. These 
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results have been shown to be independent of the following three factors: 
1) length of heating before quenching, which has been varied between 3 
min and 5 hr; 2) prior history of the sample, i.e., a sample quenched 
from 550°C after being quenched from 500°C had the same lifetime as 
one quenched directly from 550°C (the converse is not true) ; 3) rotation 
or nonrotation during the growth of the crystals. 

No changes in resistivity have been detected in the quenched nonro- 
tated samples. The rotated ones showed resistivity changes as described 
by Fuller (Ref. 2). These changes which consisted of addition of 10!4- 
10'* donors/cm? were due to the heat treatment in the 300°C-500°C range 
and were not due to quenching. 

Hall effect studies were also made by H. Bridgers on samples in the 
form of bridges. Hall effect measurements as a function of temperature 
were taken before and after quenching. Within experimental accuracy 
no effect has been produced on quenching. 


ANNEALING EXPERIMENTS. Results of annealing experiments on samples 
quenched from 450°C are shown in Fig. 2. We have plotted f, the frac- 
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Fic. 2 Fraction of recombination centers remaining as a function of time and 
temperature of annealing. 


tion of recombination centers remaining as a function of temperature 
and the time of anneal. 
The fraction is obtained from 


fe N(t) — No _ talto — 7(H)] 
Na- No 7r(t)(to — 79) 
where N(t) is the density of recombination centers at time t, No the 
density of centers before quenching, Ng the density of recombination 


centers immediately after quenching, and + the lifetime of electrons or 
holes—the subseripts having the same meaning as for NV, 


(2) 
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The significant features of annealing are: 1) At each annealing tem- 
perature there is a fractional anneal which takes place in the first few 
(up to 20) minutes, after which f reaches asymptotically a value charac- 
teristic of the annealing temperature. 2) Full annealing occurs only at 
approximately the same temperature from which the sample has been 
quenched. 3) By raising the temperature from T, to T. at any time 
during the annealing the fraction of annealed centers changes very rapidly 
from the curve corresponding to 7, to one which corresponds to 7's. 

Fig. 2 shows that experimental points can be fairly well fitted by ex- 
pressions of the form 


Felt CO =e ery, (3) 
where p(T’) is a time constant and C(7) is the maximum fraction an- 
nealed. Fig. 3 shows the dependence of p on annealing temperature. 


TEMPERATURE IN DEGREES CENTIGRADE 
425 400 375 350 325 300 














OPE~L0.8 eV 








TIME,P,IN MINUTES 


























140 145 1.50 1.55 1.60 165 1.70 1.75 1.80 185 
1000/TEMPERATURE IN DEGREES KELVIN 


Fic. 3 Logarithm of time constant p as a function of 1000/7. The slope gives 
an activation energy for annealing of 0.8 ev. 


The semilogarithmic plot indicates an activation energy for the fraction 
annealed of approximately 0.8 ev. 


DISCUSSION 


We believe that the observed phenomena are related to some internal 
interactions rather than to diffusion from the surfaces. This is sub- 
stantiated by experiments done on rods of large cross section which, after 
quenching, were etched to reduce considerably their cross section and 
did not show a difference in lifetime from outer surface to center. If 
diffusion from outside occurred, it had to proceed with a diffusion con- 
stant higher than 10>* em*/sec at 450°C, which even though possible 
is unlikely, 
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Some possible internal processes can also be fuled out as hypotheses for 
the physical model involved. The possibility of impurities forming an 
atmosphere around dislocations which on heating and quenching can be 
dispersed and act as active recombination centers is not consistent with 
the fact that the fraction of centers annealed increases with tempera- 
ture. If annealing occurred because the centers were attracted back to 
the dislocations, the temperature dependence would be opposite to that 
observed. 

The results indicate that a simple thermally activated process cannot 
explain the observed changes. In particular, the fast increase in the 
number of centers which annealed at, e.g., 400°C after failing to anneal 
in 16 hr at 370°C requires an activation energy of about 5 ev. This 
activation energy is exceedingly high for a thermally activated process. 
It is interesting to add that the characteristics of the annealing are quali- 
tatively similar to those observed by Logan (Ref. 6) in germanium. 
One has to conclude that the process responsible for the observed changes 
is probably a complex one, possibly involving interactions between crystal 
imperfections of more than one kind. 
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Chapter 3 


CRYSTALLINE PERFECTION 


In the first paper the importance of the uniformity of the volume and 
cross-sectional area of the molten zone, and the rate of its motion during 
crystal growth, are stressed. Thermal contraction of the zone leveled 
crystal after solidification is stressed as the primary source of disloca- 
tions during growth. Control of the cooling rate in both time and dis- 
tance is used to substantially eliminate dislocations. 

In the second paper, a chemical etching procedure is shown to reveal 
in silicon dislocation configurations of several types as expected from 
previous theoretical work. 


3A. SINGLE CRYSTALS OF EXCEPTIONAL PERFECTION 
AND UNIFORMITY BY ZONE LEVELING * 


D. C. BENNETT AND B. SAWYER 


The zone leveling process has been developed into a simple and effective 
tool, capable of growing large single crystals having high lattice perfection 
and containing an essentially uniform distribution of one or more desired 
impurities. Experimental work with germanium is discussed, and the pos- 
sibility of broad application of the principles involved 1s indicated. 


INTRODUCTION. 


The first publication describing the concept of zone melting appeared 
in 1952 (Ref. 1). As there defined, the term zone melting designates a 
class of solidification techniques, all of which involve the movement of 
one or more liquid zones through an elongated charge of meltable ma- 
terial. This simple concept has opened a whole new field of possibilities 
for utilizing the principles of melting and solidification. 

The first zone melting technique to gain widespread usage was one for 
zone refining germanium by the passage of a number of liquid zones in 





* Originally published in B.S.7'.J., Vol. 35, May 1956. 

The authors are indebted for the ‘help and cooperation of many anata: especially 
that of L. P, Adda and D. L. Erhart who guided the evaluation of zone leveled 
material summarized herein, and that of F, W. Bergwall through whose patient effort 
and suggestions the machine worked, 
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succession through a germanium charge. This process may be quite prop- 
erly compared to distillation, the essential difference being that the 
change in phase is from solid to liquid and back, instead of from liquid 
to vapor and back. The zone refining technique has been eminently suc- 
cessful in the purification of germanium. Harmful impurity concentra- 
tions are of the order of one part in 101°. This is mainly because all the 
impurities whose segregation behavior in freezing germanium has been 
measured have segregation coefficients (see equation 1) differing from 1 
by an order of magnitude or more (Ref. 2). During the zone refining 
operation, these impurities collect in the liquid zones and are swept 
with them to the ends of the charge, which may be later removed. 

This paper deals with a second zone melting process, zone leveling (Ref. 
1, 3), which has gained usage somewhat more slowly than zone refining, 
but which has proved to be a highly effective tool for distributing desired 
impurities uniformly throughout a charge. For this process, only one 
liquid zone is used and its composition is adjusted to produce the desired 
impurity concentration in the material which is solidified from the liq- 
uid zone. Appropriate precautions are taken to insure the production of 
single crystals, if the material is desired in this form. 

Since the invention of zone leveling, the process has been developed 
into a precision tool and as such it has become a preferred practical 
method for growing germanium single crystals of uniform donor or ac- 
ceptor content. It is the purpose of this paper to discuss the technical 
development of this process, which has had two chief objectives: 1) the 
attainment of the greatest possible uniformity of donor and/or acceptor 
impurity distribution in the crystal; and 2) the attainment of a germa- 
nium crystal lattice with a minimum of imperfections of all kinds. The 
presentation will cover the principles involved, the means developed 
and results achieved toward these objectives in that order. 

The first applications of the principles of zone melting have been in 
the field of semiconductor materials processing, chiefly because there are 
no other known refining techniques capable of meeting the extremely 
stringent purity requirements necessary for material to be used in semi- 
conductor devices. Nevertheless, it is clear that these relatively simple 
and very effective zone melting techniques are beginning to find a wide 
variety of useful applications throughout the general fields of metallurgy 
and chemical engineering. 


BASIC PRINCIPLES 


The basic concept, theory and experimental confirmation of zone level- 
ing have been well covered in previous publications (Ref. 1,3). Accord- 
ingly, the intention here is only to repeat the salient points of the theory 
with a special emphasis on the assumptions involved since it will be 
necessary to refer to them, 

Fig. 1 is a schematic drawing of a sone leveling operation showing a 
liquid vone of constant volume containing a solute whose concentration 
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is C;. As the zone moves a distance Ar an increment of germanium is 

melted at the right end, and another is frozen at the left end. The 

concentration of solute in the newly frozen Az of solid solution is Cy. 

The distribution coefficient k is now conveniently defined as the ratio 
of these solute concentrations: 

ban’ 

C1 


When k < 1, the freezing interface may be regarded as a filter permit- 
ting only a fraction k of the solute concentration in the liquid to pass into 
the growing solid and rejecting the rest to remain in the liquid. If the 


MOVING HEATER 
> 


(1) 







_LIQUID ZONE 
Z j/AND IMPURITY 
4 





SOLID Ge CHARGE 


| 
ax->| le-- 2-1 
Fig. 1 Schematic of zone leveling operation. 


unmelted charge of solvent is pure—that is, if no solute passes into the 
zone at the melting interface it is readily seen that the liquid zone will be 
gradually depleted of its solute impurity content during passage through 
the charge. 

An expression for the solute concentration in the solid, Cs, deposited 
there by the passage of one zone, for the case of “starting charge into 
pure solvent” has been derived (Ref. 1) based on the following as- 
sumptions: 

1) The liquid volume is constant (both cross section of charge and 
zone length J are constant). 

2) k is constant. 

3) Mixing in the liquid is complete (i.e., concentration in the liquid is 
uniform). 

4) Diffusion in the solid is negligible. 

The expression is 


Cs = kCye**", (2) 


where Cy o is the initial concentration of impurities in the liquid, 1 is the 
zone length, and x is the distance moved by the solidifying interface. A 
set of Cg versus 2/l curves is shown in Fig, 2 for various k’s: From this 
figure it is readily seen that when k is small the decay of Cy is slow (i.e., 
the depletion of C;, is slight). 

Largely because of this consideration, most of the practical work re- 
ported in this paper has utilized solutes in germanium having low segre- 
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gation coefficients (usually antimony, whose k = 0.003 as donor, and 
indium whose k = 0.001 as acceptor). However, the principles of zone 
leveling are broad and capable of application to any solvent-solute sys- 
tem within the range of solubilities of its solid and liquid phases. The 
general method of attack (Ref. 1) is first to find that composition of the 
liquid zone which will deposit the desired solid solution. Secondly, if one 
or more of the segregation coefficients involved is not small, the liquid 
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Fie. 2 Solute concentration curves predicted for zone leveling with a starting 
charge of solute into pure solvent. 


zone must be maintained at its proper composition by admixing to the 
solid charge the same solutes that the zone will deposit in its product. 
Thus the solutes that are removed from the liquid zone at the freezing 
end will be replenished at the melting end. 

The above mathematical treatment leads one to expect an essentially 
uniform solute distribution throughout a zone leveled crystal for the case 
under discussion in which k is small and the zone moves through a charge 
of pure solvent as indicated in Fig. 2. Irregular variations of Cs along 
the length or over the cross section of the ingot are not predicted, The 
treatment is not concerned with lattice imperfections in the ingot such 
as dislocations, lineage, or grain boundaries, The predictions the theory 
does make have been well verified by experiment insofar as it has been 
powible to meet the assumptions enumerated above, However, as with 
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most assumptions, their validity is sensitive to the experimental condi- 
tions, particularly in the cases of the first three. Much of the develop- 
ment effort, especially that toward improving resistivity uniformity, 
has been directed toward controlling the process so that these assump- 
tions will be as nearly valid as possible. 

Early experiments in zone leveling yielded crystals good enough to 
meet device requirements of that time. However, as semiconductor de- 
vices were designed to meet tighter design requirements, the demands 
on the germanium material grew more critical. Under these circum- 
stances, it became necessary to examine the requirements on the product 
of the process and to determine what precautions would be necessary to 
insure that its operation was under sufficient control. Accordingly, we 
shall discuss first the requirements on semiconductor material and then 
those critical aspects of the leveling operation which must be controlled 
to insure quality of the final product. 


REQUIREMENTS ON GERMANIUM FOR 
SEMICONDUCTOR USES 


The basic electrical bulk property of a germanium crystal is its con- 
ductivity or the reciprocal of that quantity, its resistivity. For a great 
majority of semiconductor uses, an extrinsic conductivity (Ref. 4) is re- 
quired in addition to the 1%» ohm/cm intrinsic conductivity that results 
at room temperature from thermal excitation of electron-hole pairs in 
pure germanium. An extrinsic conductivity may be either n type or p 
type. Both of these may be produced by trace impurities distributed 
throughout the crystal, the n type by donor impurities and the p type 
by acceptor impurities. At room temperature donors give rise to con- 
duction electrons and the acceptors to conduction holes which are free 
to move within the germanium crystal. If both donors and acceptors 
are present in the same crystal, the resulting electrons and holes recom- 
bine, leaving essentially the extrinsic conductivity contributed by the 
excess of one over the other, that is by |Np — Nal. 

The fundamental requirement is, then, to control the net donor and 
acceptor balance, |Np — N,4|, to a predetermined value throughout the 
crystal. For most applications, the conductivity is to be increased by 
one or two orders of magnitude above the 27°C intrinsic value. An 
idea of the donor or acceptor concentrations involved may be acquired 
from noting that a conductivity of 4% ohm/cm (that is, a conductivity 
increased by one order of magnitude) corresponds to a Np — N,4 concen- 
tration of 7 parts per billion. 

The next most commonly measured bulk property of germanium is 
the lifetime of minority carriers (Ref. 5), i.e., the time constant for decay 
by recombination of a surplus population of minority carriers artificially 
introduced into the crystal. Minority carriers are holes in n-type ger- 
manium or electrons in p-type germanium, This time constant may be 
regarded reasonably as a figure of merit for the crystal, being an indica- 
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tion of its freedom both from certain chemical impurities and from crys- 
tal faults, since these act as catalysts to the electron-hole recombination 
reaction. Normally, the highest possible lifetime is desired. Thus it be- 
comes important to take extreme precautions during handling and proc- 
essing of the germanium to avoid contamination, particularly by such 
known recombination center elements as nickel and copper (Ref. 6) and 
it is also important to avoid crystal lattice faults such as dislocations, 
lineage, and grain boundaries. 

Another observable quantity has recently been gaining acceptance as 
a more definite indication of mechanical crystal perfection than the mi- 
nority carrier lifetime measurement. This is the etch pit density count, 



















































































Fic. 3 Microphotograph of typical etch pits on (111) plane. 


e, (see Fig. 3) which is observed microscopically on an oriented (111) 
surface of a germanium crystal that has been etched three minutes in an 


agitated CP-4 etch (20 parts by volume concentrated HNOs, 12 parts — 


concentrated HF, 12 parts concentrated acetic acid, and % part Bro). 
There is strong evidence (Ref. 7) that the etch pits are formed at the 
intersections of dislocations with the surface of the crystal. While an etch 
pit count probably indicates only certain edge dislocations which intersect 
the surface of the crystal, it is at least a relative indication of the total 
dislocation density, and thus appears to be a highly useful index of 
crystal lattice perfection. 

Recently, evidence of a strong correlation has been observed (Ref. 8) 
between certain electrical properties of alloy junctions, especially the 
breakdown voltage, and the etch pit density of the material on which 
the alloy junction is made. Accordingly, material to be used for alloy 
junction transistors is now selected on the basis of its maximum etch 
pit count and its freedom from lineage, twin, and grain boundaries, 

The usual device test requirements on n+ or p-type germanium material 
vary from device to device, but may be summarized as follows: 
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1) Composition—The donor-acceptor balance Np — Ny must be ac- 
curately controlled so that the resistivity, p, of the crystal is uniform 
and falls within acceptable tolerance limits. 

2) Macro Perfection—The crystal shall contain no grain boundaries, 
lineage, or twinning. 

3) Micro Perfection—The etch pit density, «, must be lower than a 
certain empirically determined maximum. 

4) Lifetime of Minority Carriers—r, must usually be above a certain 
minimum, although in many cases this minimum may be as low as a 
few microseconds. 

Assuming macro perfection a consideration of these requirements 
leads directly to the two general objectives mentioned in the intro- 
duction of this paper: composition uniformity and control, and crystal 
lattice perfection. A third objective, high chemical purity, might also be 
inferred from the lifetime requirement, but the results obtained by zone 
refining raw material and by fairly standard laboratory techniques of 
cleaning and baking of furnace parts at high temperature have heen 
satisfactory. Hence this objective has required little development effort. 
We proceed to a discussion of critical aspects of zone leveling in the light 
of the two major development objectives. 


COMPOSITION UNIFORMITY AND CONTROL 


The experimental development work described in this paper has been 
concerned with the distribution of two trace impurities, indium and anti- 
mony, in a pure element, germanium. The traces are generally desired 
in concentrations varying from 1 to 100 parts per billion, (p = 35 to 
0.35 wem). These amounts are too small to be detected by chemical or 
spectrographic means, but are readily detectable by electrical resistiv- 
ity measurements. Although this application of zone leveling is very 
specific, it should be possible, as we have already suggested, to apply the 
experimental results to be described to more general systems. The sub- 
ject of uniformity is conveniently discussed in two sections: (a) longi- 
tudinal resistivity uniformity, and (b) cross-sectional uniformity. 


LONGITUDINAL CoMPosiTION UniFormity. It has already been shown, 
by equation (2), that if the k is small, the variation in Cy over four or 
five zone lengths should be slight. This should be true either if a charge 
of pure germanium is used, or if a charge containing the same impurity 
present in the liquid zone is used, provided that the charge concentration 
of this impurity is of the same order of magnitude as that sought in the 
product. Where the solute has a small k, the leveling action of the zone 
is strong and the large C;, that is required is relatively unaffected by 
variations of the order of Cy. 

The primary cause of observed variations in the longitudinal resistiv- 
ity is fluctuation of the volume of the liquid zone. If this volume in- 
creases for any reason, the solute dissolved in it will be diluted. On the 
other hand, if the volume decreases, which can occur only when some of 
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the liquid freezes and if k is small, most of the zone’s solute will be con- 
centrated in the smaller volume. Thus for small k’s the concentration of 
solute in the liquid zone, Cz, varies inversely with the zone’s volume. 
If C,, is to be constant, the volume must be constant, i.e., assumption (1) 
must be valid. 

Unfortunately, the zone volume is directly affected by many variables, 
namely temperature fluctuation and drift, fluctuation in growth rate, 
variation in the cross section of the unmelted charge, variation in the 
inert gas flow, and even cracks in the unmelted charge. For optimum 
control of longitudinal resistivity uniformity, it is, therefore, necessary to 
control all of these variables. The remainder of this section will consider 
their control. 

Toward minimizing the effect of temperature variation on the zone 
volume, it is important to consider both the means of overall temperature 
control and the design of the temperature field which melts the liquid 
zone, It is clear that variation of the temperature field as a whole will 
directly affect the length of the liquid zone. Accordingly, it will be im- 
portant to use a precision temperature controller in order to maintain a 
constant zone length. The controller used here is a servo system that 
cycles the power on and off about ten times a second, adjusting the on 
fraction of the cycle according to the demands of a control thermo- 
couple. The sensitivity of the controller is +0.2°C at 940°C. With a 
liquid zone about 4 cm long and a temperature gradient of about 
10°C/em at the solidification interface, this degree of control should 
introduce longitudinal resistivity variations no greater than +0.3 per 
cent. 

When other requirements permit, it is possible to design a temperature 
contour to minimize the effects of control fluctuations. When the tem- 
perature gradients at the ends of the liquid zone are small, a slight change 
in the general temperature of the system will cause a relatively large 


change in the position of the solid-liquid interface. On the other hand, — 


when the gradient is steep, the shift in position of the interface will be 
small. It is with this consideration in mind that a temperature gradient 
of about 130°C/cem is provided at the melting end of the liquid zone 
(Fig. 4). A steep gradient has the added advantage that it provides a 
large heat flux which is capable of supplying or removing the heat of 
solidification even at relatively fast leveling rates. Thus, a steep temper- 
ature gradient serves effectively to localize a solid-liquid interface. Other 
considerations, soon to be discussed, dictate that a small temperature 
gradient (about 10°C/em) must be used at the freezing end of the zone. 
Accordingly, high precision of temperature control is required to properly 
stabilize the position of this solid-liquid interface. 

Variation in the cross section of the liquid zone may be controlled by 
using a boat with uniform cross section, and by using as charge material 
which has been cast into a mold of controlled cross section, Less precise 
control is obtained by using ingots from the gone refining process which 
were produced in a boat matched to the sone leveler boat, even when 
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Fic. 4 Axial temperature curve for the germanium zone leveler with afterheater. 
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care is used to maintain a uniform height of the zone refined ingot 
(Ref. 9). 

A constant and uniform growth rate is important toward obtaining 
uniform longitudinal resistivity because segregation coefficients vary 
with growth rate (Ref. 10). This is especially true in the case of the k 
for antimony. Under steady state conditions, the growth rate is the rate 


at which the boat is pulled through the heater. A stiff pulling mechanism » 


is required in order that the slow motion be steady. In the apparatus 
described here, a synchronous motor, operating through a gear reduction 
to drive a lead screw, has served to pull the boat smoothly over polished 
quartz rods. 

The true growth rate may be affected by factors that cause variations 
from steady state growth such as temperature and gas flow fluctuations. 
The need to control these variables has already been mentioned because 
of their effect on zone volume; their effect on growth rate is thus a second 
reason for their control. 

Cracks or similar discontinuities in the unmelted charge act as barriers 
to heat flow. Thus they cause a local rise in temperature and lengthening 
of the liquid zone as the crack approaches the zone, until it is closed by 
melting. The resulting transient increase in liquid volume (and in p of 
the product) may be of the order of 10 per cent. 


Cross-SECTIONAL CoMPosITION UniForMitTy. Difficulty may be ex- 
pected in controlling the cross-sectional uniformity of the zone leveled 
ingot chiefly when the third assumption is invalid, i.e., when Cz, through- 
out the liquid is non-uniform. As shown in the next paragraph, the 
true C;, must always rise locally near the solidifying interface due to the 
solute diffusion which is necessary when k < 1. However, it is possible 
to improve the validity of assumption 3 both by slowing the growth rate 
and by stirring the liquid zone. 

One can form an estimate of a theoretically reasonable growth rate in 
terms of the rate of diffusion of impurities in liquid germanium. It should 
be noted that movement of a liquid zone containing a solute whose segrega- 
tion coefficient is small implies a general movement by diffusion of essen- 
tially all the solute atoms away from the solidifying interface at a speed 
equal to the rate of motion of the zone. Even slow zone motion corre- 
sponds to a high diffusion flux of the solute through the liquid. As a conse- 
quence, the solute concentration must rise in front of the advancing solidifi- 
cation interface to a concentration Cz’ (see Fig. 5) until a concentration 
gradient is reached sufficient to provide a diffusion flux equal to the growth 
rate. Fick’s Law of diffusion is useful here to calculate the extent of the 
rise in Cz’ at the growth interface, assuming the liquid to be at rest. The 
ratio of the maximum concentration to the bulk concentration may be 
taken from Fig. 5. If the maximum is to be no greater than 10 per cent 
above the mean, a maximum growth rate of 2 * 1077 mil/sec or 7 X 1077 
in./hr would be required, Clearly, this rate is far too slow to provide an 
economical means of growing single crystals, For a practical process, it 
will be necessary to use non-equilibrium conditions at growth rates that 
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must result in appreciable concentration differences within the liquid zone. 
Of course, the slower the growth rate the smaller will be the diffusion gra- 
dient and the higher will be the expected cross-sectional uniformity. 

If the liquid were static, that is, without any currents, it should be pos- 
sible to obtain a uniform, controlled solute concentration in the solid even 
at appreciable growth rates, merely by adjusting the average concentration 
in the liquid to arrange that the Cz, obtained at the growing interface will 
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Fie. 5 Solute concentration in solid and liquid at equilibrium and at finite growth 
rates. 


be the desired one. Instead of working with the equilibrium distribution 
coefficient ko, one works with an effective distribution coefficient k(z) for 
the given growth rate, £: 

Cs 


Cy (ave) 


k(aé) = (3) 


In practice, however, the situation is complicated by the existence of 
convection currents in the liquid zone. It is true that these currents tend 
to stir the liquid zone and thereby to minimize the concentration gradient 
within it. However, the currents are not uniform over the growing inter- 
face and they carry liquid of varying concentrations past the interface, 
causing fluctuations in Cs. Since these convection currents cannot be 
eliminated, one turns to the alternative of using forced stirring of the 
liquid zone. Such a foreed stirring is readily available when RF induc- 
tion heating is used by allowing the RF field to couple directly with the 
liquid gone (Ref, 11), The resulting stirring currents are shown sche- 
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matically in Fig. 6. It is seen that the liquid is moved from the center 
of the zone along its axis toward both ends. There it passes radially out- 
ward across the interface and returns along the outside of the zone to its 
center. These stirring currents are faster than convection currents and 








Fig. 6 Stirring currents in liquid induced by RF induction heater. 


tend to minimize the rise of C,, at the solidification interface and to im- 
prove the uniformity of Cy and of crystal growth conditions in general 
over the freezing interface. 


CRYSTAL LATTICE PERFECTION 


A single edge dislocation in germanium may be regarded as a line of 
free valence bonds. The dislocation line is believed to have about 4 x 10° 
potential acceptor centers per centimeter, producing a space charge in 
the neighboring germanium and strongly modifying its semiconductor 
properties (Ref. 12). A lineage boundary (a term found useful to desig- 
nate a low angle grain boundary) is a set of regularly spaced dislocations, 
and may be regarded as a surface of p-type material. Since the basic 
electrical properties of a semiconductor, resistivity, and also minority 
carrier lifetime, are drastically out of control at dislocations and arrays 
of dislocations, it is easy to understand why these lattice imperfections 
are undesirable in crystals to be used for most semiconductor purposes. 

The attainment of high perfection in germanium lattices may conven- 
iently be discussed in two parts: first, the growth of a single crystal of 
high perfection and, second, the preservation of the crystal’s perfection 
during its cooling to room temperature. 

The problem of growing a single crystal in the zone leveler is basically 
one of arranging conditions so that the liquid germanium solidifies only 
on the single crystal germanium seed. In order to achieve this situation, 
it is essential that no stable nuclei form. Thus, not only must the tem- 
perature of the liquid zone be above its freezing point everywhere except 
at the interface, but the liquid must also be free of foreign bodies that can 
act as nuclei, Furthermore, temperature fluctuations are to be avoided. 

The requirement that the liquid temperature be above its freezing 
point necessitates a slow growth rate because of what has been termed 
constitutional supercooling (Ref, 13), This phenomenon can best be de- 
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scribed with the aid of Fig. 7. The freezing point of a liquid is depressed 
by increasing concentration of solutes having k’s less than unity. Because 
of the rise in C,, near the solidifying interface, the freezing point is more 
depressed in this region than that in the bulk of the liquid zone as shown 
in Fig. 7. 

It has also been shown (Ref. 14) for crystals growing in one dimension 
that the temperature gradient in the liquid decreases for increasing 
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I'1a. 7 Schematic solute concentration and temperature curves in liquid, near 


freezing interface, illustrating constitutional supercooling. The left edge 
of each diagram represents the solid-liquid interface. 


growth rates. The temperature gradients for two growth rates are plotted 
on Fig. 7. It can be seen that where the growth rate is slow and the 
temperature gradient is steep, the temperature of the liquid is above its 
liquidus (freezing point curve) throughout the liquid, and no stable nuclei 
can form. However, increasing the growth rate decreases the temperature 
gradient, while it depresses the liquidus. If the temperature gradient 
is reduced to that indicated for fast growth, a region of constitutional 
supercooling will exist in front of the solidifying interface where nuclei 
can form and grow. The freezing of such a crystallite onto the growing 
crystal marks the end of single crystal growth. 

A foreign body may also initiate polycrystalline growth. A natural site 
for nucleation by foreign bodies is the wall of the boat, close to the growth 
interface, Here the liquid germanium is in contact with foreign matter 
at temperatures approaching its freezing point, It was found by D. Dorsi 
that germanium single crystals could be grown satisfactorily in a smoked 
quarts boat, at growth rates up to 2 mils/sec, However, uniformity con- 
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siderations mentioned previously make it desirable to zone level at 
much slower rates. 

It is believed that scattered dislocations may be produced in a single 
crystal germanium lattice by three chief mechanisms. They may be prop- 
agated from a seed into the new lattice as it grows; they may result 
from various possible growth faults; but probably the most important 
mechanism in this work is plastic deformation of the solid crystal. The 
first cause may be minimized by selecting the most nearly perfect seeds 
available, the second by using slow growth rates, and the third by mini- 
mizing stresses in the crystal. 

The first hint that plastic deformation in the crystal might be an im- 
portant source of dislocations came from the study of crystals pulled 
from the melt by the Teal-Little technique. Frequently when sections of 
crystals grown in the [111] direction were etched in CP-4 the pits were 
arrayed in a star pattern, Fig. 8(a), in which the pits appeared on lines— 
not randomly distributed. This coherent pattern suggested strongly that 
the lines were caused by dislocations in slip planes which had been ac- 
tive in plastic deformation of the crystal. The slip system of germanium 
has been determined to te the <110> directions on {111} planes (Ref. 
15). Ifthe periphery of :he crystal is assumed to be in tension, it is pos- 
sible to calculate the reletive shear stress pattern in each slip system of 
the 3 {111} planes which intersect the (111) section plane. The results of 
these calculations are summarized in Fig. 8(b) which shows a polar plot 
of the largest resolved shear stresses for these planes and also their traces 
in the section plane. The agreement with the observed star pattern is 
striking. 

The peripheral tension assumed in the above paragraph may be seen 
to be qualitatively reasonable upon consideration of the heat flow pat- 
tern of the crystal during growth. Heat must enter the crystal by con- 
duction through its hottest surface, the growing interface, which is a 
940°C isotherm. It mus; leave through all the other surfaces by radia- 
tion and conduction. Therefore, these surfaces must be cooler than their 
adjacent interiors, and cross sections of the crystal must have cooler 
peripheries than cores because of the heat escaping from the peripheral 
surfaces. Due to thermal contraction the cooler periphery must be in 
tension and the core in ccmpression. 

In zone leveled crystals the distribution of etch pits on a (111) section 
was not dense or symmetric enough to display a star pattern. However, 
it was reasoned that since thermal contraction stresses appeared to play 
a major role in the production of dislocations in pulled crystals through 
plastic deformation in the available slip systems, the same mechanism 
might be playing a significant role in zone leveled crystals. 

The only stresses in a zone leveled ingot other than those due to the 
weight of the crystal itself must be those due to non-uniformities in 
thermal contraction, Consider a small increment of the length of a newly 
formed sone leveled crystal as heat flows through it from its hotter to its 
colder ends while the crystal moves slowly through the apparatus, Heat 








I'ia. 8(a) Star pattern on (111) plane (etched cross section of crystal pulled from 
melt). 
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Fig. 9 Two views of a zone leveler. 
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flows in by conduction from the higher temperature germanium adjacent 
to it. Heat leaves not only by conduction out the other end, but also by 
conduction and radiation from the ingot surface. Because of this latter 
heat loss, there is a radial component as well as a longitudinal component 
to the temperature gradient. The cooler surface contracts resulting, as 
above, in peripheral tension and internal compression. Clearly if the 
radial component of heat flow could be eliminated, there would be no 
peripheral contraction. Accordingly, the most desirable temperature dis- 
tribution is one whose radial heat flow is zero, i.e., a case of purely axial 
or one dimensional heat flow, which implies a uniform temperature 
gradient along the axis of the ingot. In practice, it is difficult to obtain 
a uniform axial temperature gradient except for the special case of a 
very small one. This may be obtained fairly easily by the use of an ap- 
propriate heater. The heater designed for this purpose is called an after- 
heater and is shown in Figs. 4 and 9. 

The afterheater reduces the heat loss by radiation and radial conduc- 
tion from the crystal maintaining the entire crystal at a temperature 
only slightly below its melting point throughout its growth. After zone 
leveling has been completed, the entire ingot is cooled slowly and uni- 
formly. Of course, a finite temperature gradient must exist at the liquid- 
solid interface. The gradient at the interface of the leveler shown in 
igs. 4 and 9 is about 10°C/em and the maximum gradient, about 4 in. 
into the solid, is 30°C/cm. The gradient decreases slowly to nearly zero 
within the after-heater, as can be seen in the measured temperature curve 
of Fig. 4. 


A ZONE LEVELING APPARATUS AND TECHNIQUE 
rOR GERMANIUM 


The apparatus required for zone leveling is basically simple. A single 
vrystal seed, the desired impurities, and a germanium charge are held 
in a suitable container in an inert atmosphere. Provision is supplied for 
either moving a heater along the charge or the charge container through 
i heater. The heater may be either an electric resistance type or a radio 
{requency induction type. The resistance heater offers the advantage of 
economy while the induction heating offers the advantage of direct in- 
(ductive stirring of the melted zone by the RF field, which, as mentioned 
previously, is helpful in attaining uniformity of impurity distribution, 
und is therefore to be preferred for critical work. 

Schematic drawings of an RF-powered zone leveler following in general 
the original design by K. M. Olsen are shown in Fig. 9 in two useful 
vonfigurations. The outer clear quartz tube serves to support the inner 
members of the apparatus and also to contain the inert atmosphere for 
which nitrogen, hydrogen, helium, or argon can serve. For this appara- 
(us, a quartz boat is used to contain the germanium, since it permits 
inductive stirring of the liquid germanium by the RF field. The auxiliary 
fore and afterheaters, which are made of graphite, have special purposes 
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discussed in the two preceding sections. A typical boat used in this ap- 
paratus is about 16 in. long, is smoked on the inside, and is made of thin- 
walled clear quartz of 1 in. I.D. and of semi-circular cross section. A 
normal charge of zone refined germanium and seed is about 12 in. long 
and weighs about 500 gm. A photograph of the assembled apparatus 
appears in Fig. 10. 








Fia. 10 Zone leveler. 


For the best results in crystal perfection and resistivity uniformity, 
the apparatus is run with the full length afterheater and at a slow pull 
rate, 0,09 mil/see (approximately 1 in, in 8 hr), For somewhat less eriti- 
cal demands a pull rate 10 times faster is used, with a shortened after- 
heater or none at all, 
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If it is desired to reproduce a resistivity obtained in the zone leveler, 
it is very convenient to reuse the solidified zone containing the impurity 
addition that yielded the desired resistivity. This solid zone, if undam- 
aged (when cut from the finished ingot), will contain all of the solute 
that was not deposited during the ingot run. When it is remelted next 
to a seed the solute will redissolve into the liquid to yield very nearly 
the same Cz, provided that the zone volume is accurately reproduced. 
In this way it is readily possible to resume leveling as before and hence 
virtually to reproduce a desired resistivity. For the small k solutes, 
indium and antimony, discussed in this paper the loss of Cy, in one level- 
ing run is so small as to be insignificant compared to other sources of error 
in this quantity. 


PILOT PRODUCTION RESULTS 


The capabilities of the zone leveling equipment and techniques just 
described may be evaluated with reasonably good accuracy on the basis 
of the measurement results obtained from more than 300 single crystal 
ingots so produced. Over 200 of these crystals were grown in the after- 
heater at the “slow” growth rate of 0.09 mil/sec. The rest were grown 
with a short afterheater or none at all at a growth rate about ten times 
greater. 

The ingots to be measured (see Fig. 11) were usually 4-6 in. long after 
removing seeds and solidified zones (i.e., 2-3 zone lengths), and were 





Fic. 11 Photograph of zone leveled single crystal ingot. 


cut into 1 in, lengths. The p, r, and « measurements were taken on the 
flat ends of these segments. The results of the observations will be sum- 
marized and discussed in terms of the four device test requirements 
described earlier. 

1) ComposrrionAL Unirormity. ‘The resistivity measurements were 
taken with a calibrated 4-point probe technique (Ref, 16) at five loca- 
tions on each ingot cross section (center, top, bottom and each side). 
The spacing between adjacent points of the probe was 50 mils, Accord- 
ingly, these measurements would be insensitive to p fluctuations in the 
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material of this order or smaller. However, an investigation by potential 
probing techniques, of germanium filaments cut from zone leveled ingots 
(Ref. 17) indicates that p fluctuations in zone leveled material are gen- 
erally coarse—changing over distances 2 to 5 times larger in dimension 
than the 50 mil dimension in question. Thus the p data summarized 
here should give a reasonably valid representation of the true p variations 
in the ingots measured. 

Table 1 summarizes the resistivity variations recorded as percentages 
of the mean resistivity of each ingot. These variations are separated into 


TABLE 1 AVERAGE RESISTIVITY VARIATIONS 
(A) Along Length Axis. Grand Length Average +10%. 








Growth n Type p Type 
Rate Average 
mils/sec +7% 


+% | No. of Ingots| +% | No. of Ingots 





0.9 9.9 27 10.9 33 10.4 
0.8 7.6 12 17.4 16 13.2 
0.09 9.0 108 9.3 137 9.2 
(B) Over Cross Section 
Growth me Type p Type 
Rate SS SSS SSS ce 
. 0 
mils /sec +% | No. of Ingots| +% | No. of Ingots 
0.9 9.5 22 8.5 30 8.9 
0.8 8.3 12 6.9 14 7.5 
0.09 4.3 93 2.3 122 3.2 


those observed (a) along the length axis and (b) over the cross section, 
for the different growth conditions and resistivity types. 

It is readily seen that the average variation along the length, about 
+10 per cent, is larger than the average cross-sectional variation. The 
variations are not systematic along the length of the ingot and are 
chiefly due to fluctuation in the length of the liquid zone. An appreciable 
part of this variation is due to the effect, mentioned earlier, of discon- 
tinuities in the unmelted charges between 1 in, lengths of crystals that 
were being releveled, A smaller length variation of p, about +7 per 
cent, was observed in those ingots grown from continuous charges, 
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Part B of the table shows that the variation of p over the cross section 
is sensitive to the growth rate in the range covered. For slow growth, it 
is small, and one would reasonably expect that if further improvement 
in p variation were required, it should first be sought by improving the 
control of the zone length. 


2) Macro Perrection. Macro perfection of the pilot production 
product is extremely high. There were essentially no cases of polycrystal- 
linity, or twinning, except for clearly attributable causes such as power 
or equipment failure. There were few cases of lineage in the short after- 
heater and virtually none in the full afterheater, while lineage is not 
uncommon in ingots grown with no afterheater. 

3) Micro Perrection. Table 2 summarizes the etch pit density, ¢, 


TABLE 2 AVERAGE ETCH PIT DENSITIES, e 





Rate e Ave o No. of Ingots 





(12” afterheater) 0.09 1,560 770 39 
(5” afterheater) 0.09 3,800 | 1,600 3 

0.9 7,000 } 1,900 3 
No afterheater 0.9 11,000 | 6,600 6 





measurement results. In general, it can be seen that with the afterheater 
one can expect etch pit counts of the order of 1500 pits/em? which is 
lower than results without an afterheater by about an order of magni- 
tude (and lower than ¢’s of pulled germanium crystals by about two 
orders of magnitude). The lowest average count that has been observed 
is 40 pits/em?. This crystal was found to have the smallest X-ray rock- 
ing-curve widths observed in germanium at Bell Telephone Laboratories 

very nearly the theoretically ideal widths. The perfection indicated 
is exceptional—comparable to that of selected quartz crystals. 


4) LireTime or Minoriry Carriers. 7+ data are summarized in Fig. 12 
in which are plotted averages of the r measurements on the ingot sections 
against distance from the seed. One sees a systematic rise in + along 
the length axis of an ingot grown slowly in the afterheater. This is in- 
terpreted to indicate that the ingot is being slowly contaminated with 
chemical recombination centers during its long wait inside the afterheater 
at high temperatures. If improvement were needed in lifetime, it should 
be sought first by increasing the chemical cleanliness precautions, which 
were nonetheless strict in this work. 
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(a) NO AFTERHEATER 




















AFTERHEATER 





AVERAGE LIFETIME IN MICROSECONDS 



































° 1 2 3 4 5 6 7 
DISTANCE FROM SEED IN INCHES 


Fie. 12 Average minority carrier lifetime plotted against distance from seed for 
2-8 ohm-em crystals grown with 12 in., 5 in., and no afterheaters. 


SUMMARY 


A zone leveler has been developed to provide growth conditions suit- 
able for the production of quality germanium single crystals. The crys- 
tals are nearly uniform and have exceptionally high lattice perfection. 
Similar levelers are in use in production. 

The apparatus developed has been used to supply germanium single 
erystals for experiments and for the pilot production of a variety of point 
contact, alloy, and diffusion transistors. The machine operating at slow 
growth rate with an afterheater can produce one 6-in. 250-gm crystal 
per day. For less critical demands, it can produce several longer crystals 
per day. 

Evaluation of the product indicates that resistivity variation on a 
cross section of the ingot can be +8 per cent and that along the length 
axis it can be controlled to +7 per cent if a continuous charge is used. 
Furthermore, the crystals contain no grain boundaries or lineage and 
the scattered etch pit densities average about 1500 per em?, Thus, the 
zone leveling process has proved to be simple, efficient, and capable of 
more than meeting the present specifications for quality germanium 
single crystals, 





Chapter 3: CRYSTALLINE PERFECTION 107 


REFERENCES 


1. W. G. Pfann, Trans. AIME, Vol. 194 (1952), p. 747. 

2. J. A. Burton, Physica, Vol. 20 (1954), p. 845. 

3. W. G. Pfann and K. M. Olsen, Phys. Rev., Vol. 89 (Jan. 1, 1953), p. 322. 

4. W. Shockley, Electrons and Holes in Semiconductors, D. Van Nostrand 
Company, Inc., New York, 1950. 

5. L. B. Valdes, Proc. IRE, Vol. 40 (Nov. 1952), p. 1420. 

6. F. L. Vogel, Jr., W. T. Read, Jr. and L. C. Lovell, Phys. Rev., Vol. 94 (June 
15, 1954), p. 1791. 

7. F. L. Vogel, Jr., W. G. Pfann, H. E. Corey and E. E. Thomas, Phys. Rev., 
Vol. 90 (May 1, 1953), p. 489. 

8. P. Zuk and R. W. Westberg, private communication. 

9. W. G. Pfann, Trans. AIME, Vol. 197 (1953), p. 1441. 

10. J. A. Burton, E. D. Kolb, W. P. Slichter and J. D. Struthers, J. Chem. Phys., 
Vol. 21 (Nov. 1953), p. 1991. 

11. K. Brockmeier, Aluminium, Vol. 28 (1952), p. 391. 

12. W. T. Read, Jr., Phil. Mag., Vol. 45 (1954), p. 775. 

13. B. J. Chalmers, J. Metals, Vol. 6 (May 1954), Sect. 1, p. 487. 

14. J. A. Burton and W. P. Slichter, private communication. 

15. R. G. Treuting, J. Metals, Vol. 7 (Sept. 1955), p. 1027. 

16, L. B. Valdes, Proc. IRE, Vol. 42 (Feb. 1954), p. 420. 

17, D. L. Erhart, private communication. 


3B. DISLOCATION ETCH PITS IN SILICON CRYSTALS * 
F. L. VOGEL, JR., AND L. CLARICE LOVELL 


A method for suitably etching dislocations in silicon crystals is reported. 
Using this etch, dislocations in various arrays were observed: low angle 
boundaries, slip lines, polygonization walls, and bent crystal distributions. 


INTRODUCTION 


Recent developments in silicon technology have produced a shift in 
emphasis from germanium to silicon for use in semiconductor devices. 
Since it is known that dislocations adversely affect certain properties of 
semiconductors (Ref. 1), a visual method for determining the number 
and distribution of such imperfections would have obvious practical and 
research application. Presented here are some results of an investigation 
of methods for producing clearly defined dislocation etch pits in silicon. 

It is recognized that not all etch pits observed in crystals are nucleated 
at the sites of dislocations. Therefore, before a dislocation etch pit tech- 
nique can be used with confidence it must be shown that the pits so pro- 
duced do indeed occur at the points where the dislocations emerge from 
the surface, Since the theory ascribes certain definite properties to dis- 


* Originally published in J, Appl, Phys, Vol, 27, Dec, 1956, 
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locations, it follows that these should be manifest in the dislocation etch 
pits. Thus, arrays indicative of low angle boundaries, slip lines or poly- 
gonized domains and behaviors indicative of multiplication with deforma- 
tion or annihilation with annealing should be in evidence if the respective 
experimental conditions are properly chosen. 


EXPERIMENTAL 


Silicon presents a number of difficulties because of its relative chemical 
inactivity and the tendency for hydrated silica films to be formed on the 
surface. These films are resistant to hydrofluoric acid and are, therefore, 
to be avoided. The desirability of producing a surface smooth enough for 
metallographic examination points toward the use of a polish-etch, such 
as the HF-HNOs; combination. 

The polish-etch solution found to be most satisfactory, to date, is 
modified CP-4, containing a small amount of mercuric nitrate, which was 
suggested by Faust’s (Ref. 2) use of it in a similar solution. The addition 
of mercuric ion improves the definition of the pits over the faint pits 
produced by CP-4 alone. 

The composition of the etching solution is as follows: 


3 parts HF (48 per cent) 

5 parts HNOs (70 per cent) 

3 parts glacial acetic acid 

2 parts 3 per cent aqueous Hg(NOs) >». 


Deionized water is used to make the mercuric nitrate solution, as the 
residual chlorides in some distilled water may cause mercuric chloride to 
precipitate. If precipitation should occur, a few drops of acetic acid 
will restore the precipitate to solution. The amount of water introduced 
with the mercuric nitrate is critical, as excess water will roughen the final 
surface. 

The procedure followed was first to orient the crystals and grind to ex- 
pose either {100} or {111} surfaces. These were then lapped with 600 
mesh Carborundum on glass. Fine grinding on No. 0000 emery paper was 
tried several times, but this was abandoned because the additional work 
required gave us no advantage. A light preliminary polish in CP-4 
proved helpful in many cases in providing a smoother surface (Ref. 3), 
but this is not considered necessary. Immersion in the etching solution 
for two minutes usually yields a well-defined, reproducible pattern of 
pits. While in many cases satisfactory results were obtained by using 
freshly made etch, it was observed that improved results followed long 
standing of the etch (about 6 weeks) in a closed polyethylene bottle. 


RESULTS 


Tn order to demonstrate that the pits produced by etching are actually 
the sites of edge dislocations, silicon samples containing low angle 
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boundaries were searched for L and T intersections similar to those which 
have been described in germanium (Ref. 4). Fig. 1 shows an L inter- 
section. The length of boundary marked was counted, and the linear 
dislocation density was found to be the same in both branches (5.0 X 
108/cm in A to 5.3 X 108/em in B) within the limits of error. Since this 
relationship is valid for dislocations composing a low angle tilt boundary, 
it is inferred that the observed pits occur at the sites of edge dislocations. 

















"ia. 1 Intersecting low angle boundaries in silicon single crystal. Surface is (100) 
and boundaries occupy {110}. Original magnification (1000). Area re- 
duced approximately 70 per cent for reproduction. 


A curious effect can be seen in Fig. 1, whereby a number of fainter 
“ghost” boundaries run parallel to the main boundaries. Sometimes 
(three or four ghost boundaries will be seen, each displaced sideways and 
reproducing the features visible in the main boundary. This behavior 
can be rationalized by resorting to the suggestion of Gevers (Ref. 5) that 
the dislocation lines jog sideways as they pass through the crystal. Thus, 
if the dislocation line extends below the final etched surface by a distance 
greater than the depth of the pit, a fully developed pit will occur. If, 
however, the dislocation line turns and lies parallel at a shorter distance 
below the surface, an incomplete pit will develop. This provides a pos- 
sible explanation for the presence of residual etch pits or ghost boundaries. 

To provide an example of the glissile dislocations which are produced 
by deformation, single crystal bars with 0.060 x 0.060 in. cross sections 
were bent about [111] axes at elevated temperatures, and the (111) faces 
were etched for dislocations, Fig. 2 shows the results of this. The 
lower magnification micrograph shows the distribution of dislocation 
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Fig. 2 (111) surface of single crystal bent about [111] axis etched for dislocation 
pits. Neutral axis lies along bottom edge of micrograph. Original mag- 
nification (100). Area reduced approximately 96 per cent for reproduc- 
tion. Insert: On same bar at higher magnification (1000) to illustrate 
alignment of dislocation etch pits in slip plane. 





Fia, 8 Dislocation etch pits in isolated slip line, Original magnification (500). 
Area reduced approximately 75 per cent for reproduction, 
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etch pits characteristic of a bent crystal with a low density of dislocations 
along the neutral axis and increasing density with increasing distance 
from the neutral axis. This dislocation distribution has already been ex- 
plained for germanium in terms of the plastic strain distribution (Ref. 6). 
The alignment of the dislocation etch pits in the slip plane traces is illus- 
trated at higher magnification in the insert of Fig. 2. 

Toward the extremities of a bent crystal where the plastic strain tapers 
off to zero, instances of isolated slip are observed. One such slip line 
after etching in the prescribed way is shown in Fig. 3. An appreciation 
for the sensitivity of this method in plastic strain measurements is ob- 
tained by realizing the small displacements, ~10-® em, which must ac- 
company the movement of so few dislocations. 


REVS Y 


Soh Soe 
~~ Sg 





I'1a. 4 Polygonized domains in bent crystal. Slip plane trace runs from lower 
left corner to upper right. Original magnification (500). Area reduced 
approximately 75 per cent for reproduction. 


If the orientation of the bending crystal is chosen to produce single slip 
and the deformation proceeds slowly and at a high temperature, concur- 
rent polygonization is favored (Ref. 7). This effect is pronounced toward 
the center of the bent bar for it is here that the edge dislocations of the 
sign which accommodates the bending will accumulate. This homogene- 
ous group of dislocations will then, under the influence of the applied 
alress and temperature, form polygonized arrays. An example of this 
is shown in Fig. 4. Vestiges of the slip lines can be seen normal to the 
polygonization walls although enough climb has occurred so that the 
strongest alignment is in the polygon walls. 

Occasionally on etching a {111} surface large pits with spiral terraces 
develop (Fig. 5). The obvious interest in this observation is the impli- 
cation that it indicates a dislocation in the screw orientation. The step 
heights are roughly 1000 A and spirals of both hands have been observed. 
They closely resemble the spirals produced in germanium with Ellis’ 
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PRINCIPLES OF TRANSISTOR DESIGN 





= ae fin” 


Fig. 5 Spiral etch pit on (111) surface of silicon crystal. Original magnification 
(2000). Area reduced approximately 70 per cent for reproduction. 


etch (Ref. 8). While it cannot be said to be proved that these spiral pits 
are indications of screw dislocations, no fitting explanation has been 
forthcoming on any other basis. On the other hand, if these are part of 
the dislocation network of the crystal, the Burgers’ vector should be of 
the order of 10-* cm which would lead one to expect a step height of the 
same dimension. 
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INTRODUCTION TO PRINCIPLES OF 
TRANSISTOR DESIGN 


In this part the topics of principal importance to transistor design are 
covered by representative papers from the voluminous literature of the 
past five years. The expansion of the field has been such, however, that 
there are numerous specific and regrettable omissions which are discussed 
in the introductions to the chapters. 

The section on diodes emphasizes, particularly, the avalanche mecha- 
nism responsible for reverse breakdown and the device possibilities of 
transit time effects of carriers (not fabrication). In the junction-triode 
area, large-signal behavior and switching design are emphasized, as are 
the principles responsible for the enormous advance in the frequency re- 
sponse of transistors. Three papers discuss various aspects of base-layer 
design and complex switching devices earn a chapter of their own. 

Tetrodes are considered in Chapter 7, which should be read in con- 
junction with Chapter 2A of Volume III where a discussion of a tech- 
nique for growing tetrode crystals is presented. 

The chapter on radiation sensitive device design discusses the utility 
of p-n junctions as particle energy converters, and details the detrimen- 
tal effects of the damage resulting from high-energy particle radiation. 
This chapter includes a discussion of the silicon solar energy convertor. 
The noise behavior of junction transistors is presented in Chapter 10. 

The volume of recent literature attests to the practical importance in 
surfaces in semiconductor devices. Work in this area is reviewed in 
Chapter 11 and highly specific practical methods are given for stabiliz- 
ing the properties of germanium devices through surface treatments. 





Chapter 4 


DIODE DESIGN PRINCIPLES 


The properties and characteristics of the diode foreshadow those of 
the transistor with forward bias giving emitter-like characteristics and 
reverse bias collector-like characteristics. While theory has predicted 
reasonably well the forward properties of germanium diodes, it has been 
less satisfactory for silicon devices. The first paper brings out the 
effects of conductivity modulation in the silicon diode at high currents. 
Unfortunately, recent interesting work on recombination in barrier layers 
was not available as this volume was organized.* 

The discovery of avalanche multiplication not only clarified device 
observations but has made possible a number of new circuit elements. 
Space does not permit inclusion of the extensive work which has fol- 
lowed on publication of these basic papers. 

Discussion of the high-frequency properties of diodes opens with King- 
ston’s basic paper on diode switching from the forward to the reverse 
condition. Large-signal use of the voltage dependent reverse bias capaci- 
tance as a reactance modulator in producing power gain is discussed in 
the next paper. Application of these devices for low noise amplification 
is being rapidly explored. Not included here are papers on the small- 
signal use of the reverse bias capacitance as a voltage controlled capaci- 
tance. This chapter closes with a basic paper on the high-frequency 
possibilities of diode transit time oscillators. 


4A. THE FORWARD CHARACTERISTIC 
OF THE p-i-n DIODE * 


D. A. KLEINMAN 


A theory is given for the forward current-voltage characteristic of the 
p-ien diffused junction silicon diode. The theory predicts that the de- 
vice should obey a simple p-n diode characteristic until the current dens- 
ity approaches 200 amp/cm*. At higher currents an additional potential 
drop occurs across the middle region proportional to the square root of 


10, T, Sah, R. N. Noyce and W. Shockley, Proc. JRE, Vol. 45 (Sept. 1957), pp. 
1228-1243, 
* Originally published in B.S.7./., Vol, 85, May 1956. 
I am pleased to acknowledge my great benefit from discussions with M. B, Prince 
and I, M, Rona, 
115 
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the current.. A moderate amount of recombination in the middle region 
has little effect on the characteristic. It is shown that the middle region 
cannot lead to anomalous characteristics at low currents. 


INTRODUCTION 


In some diode applications it is desirable to have a very low ohmic resist- 
ance as well as a high reverse breakdown voltage. A device meeting these 
requirements, in which the resistance is low because of heavily doped P* 


pt P Nt 


(a) 





V(x) —> 





(b) 





V(x) —~> 








(C) 


Fie. 1 (a) Schematic representation of the p-i-n diode with the P+ and N* contacts 
regarded as extending to infinity; (b) shows the electrostatic potential in 
equilibrium and (c) shows the potential when a forward current flows. 


and N+ contacts and the breakdown voltage is high because of a lightly 
doped layer between the contacts, has been described by M. B. Prince 
(Ref. 1), The device is shown schematically in Fig. 1(a) and consists of 
three regions, the P* contact, the middle P layer, and the N* contact. 
The device is called a p-ien diode because the density P of uncompensated 
acceptors in the middle region is much less than P* or N* and in normal 
forward operation much leas than the injected carrier density (Ref, 2), 
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We shall let the edge of the P*P junction in the middle region be x = 0, 
and the edge of the p-n junction in the middle region be x = w. Thus the 
region 0 < x S w is space-charged neutral and bounded at each end by 
space-charge regions whose width is of the order of the Debye length 


\ = (K/BeP)4* ~ 1.5 X 107° cm, (1) 


where K is the dielectric constant, e is the electronic charge, and @ is the 


constant 
B = e/kT = wn/Dn = bp/Dp, (2) 


which at room temperature is 38.7 volt~!. We shall denote points in the 
P+ and N+ contacts on the edges of the space-charge regions by 00 and 
ww respectively. Thus 79 is the electron density in the Pt contact at the 
junction, and no is the electron density at the same junction in the middle 
region. Similarly p,.» is the hole density at the junction in the N+ con- 
tact and p, is the hole density at the junction in the middle region. We 
shall denote equilibrium carrier densities in the three regions by np+, np, 
Pp, pn+. Typical values for the parameters characterizing the device are 


w~2X 107 em 
P~ 10 em? (3) 
Nt, P+ ~ 10!8 em? 
Ln, Lp ~ 10~* cm, 


where Ln, Ly are minority carrier diffusion lengths in the contacts. 

The present treatment makes three distinct approximations. The first 
is to neglect the voltage drop in the contacts. The highest currents ordi- 
narily used are of the order of 500 amp/cm? which should produce an 
ohmie drop in the contacts of about 1 v/cm. Since the entire diode has 
a length of about 0.01 em we are neglecting only about 0.01 v in this 
Approximation. 

The second approximation is to regard the Debye length as small 
compared to w and the diffusion lengths Ln, Ly. If Ln, Lp are as small 
as the typical values given in (3) the error made in this approximation 
is not completely negligible. Nevertheless, we use the approximation be- 
cause it enables us to regard the device as three relatively large neutral 
regions and two relatively narrow space-charge regions. The behavior of 
the device can then be determined by solving for the diffusion and drift 
of carriers in the neutral regions subject to boundary conditions con- 
necting the carrier densities across the space-charge layers. 

The third approximation is to neglect any increase in majority carrier 
density in the contacts due to injection of minority carriers. This approxi- 
mation is valid until the current density approaches 5 x 10* amp/cm?, 
which is well above anticipated operating currents. It is conceivable 
that in some junctions all the current may flow through small active 
spots at which the current density is very high, perhaps exceeding the 
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above figure. In such cases the current flow is two or three dimensional 
and the present analysis would not apply. 

It is also necessary to assume some law for carrier recombination. We 
shall assume that recombination in the contacts is linear in the injected 
minority carrier density 

al n — p+ 
fe eee ey (4) 
dx T 
Modification of the theory to suit other recombination laws is simple in 
principle, although considerable analytical complications might be en- 
countered. It seems most likely that in silicon p-n junctions the recom- 
bination actually is nonlinear. It can be shown that if the recombination 
follows some power » of the injected density 


dIn ) (5) 
—_wn~n j 
dz 


the forward characteristic of a simple p-n junction is of the form 
exp [}46(v + 1)V]. (6) 


Thus nonlinear recombination can account for the observation that in 
silicon diodes the slope of V versus log J is usually much less than £. 
Our purpose here is not to study this interesting effect, but to study those 
-effects which are due to the presence of the middle region. Therefore, we 
assume linear recombination for the sake of simplicity. In the last sec- 
tion we give a brief consideration of what to expect in the case of non- 
linear recombination in the contacts. Recombination in the middle 
region will also be assumed to be linear in the injected carrier density, 
but this assumption is not critical, since it turns out that a moderate 
amount of recombination in the middle region does not change the quali- 
tative behavior of the device. 


BASIC EQUATIONS 


Fig. 1(b) (Ref. 3) shows the electrostatic potential V(x) for the equi- 
librium case J = 0. The potential is constant except in the space-charge 
layers. If we call the potential of the middle region zero, the P+ and N+ 
contacts are at the potentials —V, and V2 respectively, where 


BV, = In (P+/pp) 
BV = In (Nt/np). 


Fig. 1(c) shows the potential when a forward current J flows and a forward 
bias V is produced across the device. We shall define the potential so that 
the N* contact remains at V2, which puts the P+ contact at potential 
V — V,. The potential at a point « is then given by 


(7) 


Via) = Vg — Ka) dx, (8) 


ww 
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where E(x) is the electric field assumed zero in the contact regions x > ww 
and x < 00. The applied bias V consists of three terms 


V = Vo+t Ve +t Vu, (9) 


where Vo is the forward bias across the junction at x = 0, Vp is the poten- 
tial drop in the middle region, and V,, is the forward bias across the junc- 
tion at z = w. In this notation V(0) = Vy + Vp and V(w) = Vy. 

The total current density is constant 


In() + Ip(x) = I. (10) 


We shall denote electric current densities by el, ely, so that In, Ip, I have 
the dimensions of (particles/em?-sec). At x = 0 and x = w the minority 
carrier currents must flow into the contacts by diffusion, which gives the 
boundary conditions 


_ 7. | Pew 
T,(w) Ips Lane | 








(11) 
{ "oo 
I,(0) = Ins ae i}, 
where Ips, Zns are saturation current densities 
+D np*D 
(ae Ge (12) 


‘The order of magnitude of the saturation current density is given by 
e(Ins + Ins) ~ 3 X 107!° amp/cm? in silicon, 


based on the typical values of (8). Equations (11) contain the assump- 
tions of linear recombination and small injection into the contacts as dis- 
cussed in the introduction. 

In the middle region the current densities satisfy 


| Lap 
I,(t) = D, ; - — + BpE 
| dx 
(13) 
dn | 
I,(z) = Dy, J — nH + + 
(x) ae + B f 
Let us assume these equations remain valid in the space-charge regions 


(Ref. 4). Since these space-charge regions are narrow 7, and J, can be 
considered constant and the solution of (13) in the space-charge regions is 


iF Saiiacs 
p(x) = e~ AV (a) |Puwel”* = oe f efV (2) az 
p Yww 


(14) 
Fy(0) 7° . | 
wm AV) | nerg Bivvy) 4. -200) AV(®) yl. 
n(x) | "oo? + D, fe dx | 
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Since \/L, K 1 we can write for the junction at c = w 


— + w 
p(w) - e BV w [Pout me Pee SPN) 7. a *f eV dx 
‘p ww 


rovers |so(2)) 


D 


(15) 


where 0(A/L,) means a term of order \/Ly. Thus we see that if we may 
neglect \/Lp and \/L, we have the following simple boundary conditions 
at the junctions 

Noo = No(npt /np)ee¥o 


Po = pper’? 


(16) 
Nw = nper’w 


Pww Pw(Pn +/pp)eV~, 


It is clear that in order to divide the device into three neutral regions we 
must also be able to neglect \/w. 
Finally, we have the condition of space-charge neutrality 


p-n=P. (17) 


It can be shown that the term K~ dE/dz is of order (A/L)? or (A/w)? and 
therefore negligible in our approximation. Therefore (17) is the Poisson 
equation for the middle region in our approximation. When we use (17) 
we are not saying that E(x) is constant but only that K~! dE/dz is negli- 
gible compared to p(x) and n(x). The basic equations then are (10), (11), 
(13), (16), (17). 


LarceE Inyecrion, No REcoMBINATION. In this section we consider cur- 
rent densities of the order of magnitude of those that flow in normal opera- 
tion of the diode as a power rectifier. These currents inject large densities 
of electrons and holes into the middle region greatly increasing its conduc- 
tivity. The result is that the voltage drop Vp is small even though the nor- 
mal resistivity of the middle region is high. For this reason the device has 
been called a conductivity modulated rectifier. Also in this section we shall 
neglect recombination in the middle region, which makes /,(x) and I(x) 
constant and greatly simplifies the analysis. The effect of recombination is 
to remove carriers and increase the drop across the middle region. There- 
fore, it is desirable to keep recombination in the middle region as low as 


possible. 
Under conditions of large injection we can say 
n> P, > P 
(18) 
noo >> ret — Pww > pw, 
so that (11) becomes , 
Ine n 
" na (Moo/np*) (19) 


= I(Pww/PN*), 
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and (17) becomes 
n(x) = p(t) OSarSw. (20) 


Equation (16) becomes 
Noo = No(np*/np)erY 
— BV 
No = pre 
oe (21) 
Ny = nper’ 
Pww = Nw(py*/pp)e™™. 


Iquations (13) can be written 


I, + b1, 
BE = fr Ole 
2D,n 


dn I, -—DI, 


(22) 


dx 2D, 
where b = D,/Dy. Combining (19) and (21) gives the equations 
to = 1i(In/Ine)™ 
Nw = Ni(Ip/Ips)”*, 


where n;? = nppp is a constant, and also 


(23) 


np I, 
BVo = Hin — — 

PP Ins 
; (24) 
BVw = Veta es 


Np Ips 
Irom the first equation (22) we have 
In+ bly (~” dx 
Vie f aa 
2D, 0 n(x) 
Upon invoking the second equation of (22) we get 


In + b1 a 
In + bp in Ree | (26) 
L=th, 1% 


(25) 


BVp = 


and 
gee (27) 
Nw = NM + ——— w. 
Fil) ots ihe 
We see that V, is always positive in sign whatever the sign of I, — bIp. 
We now define a parameter 


ym No/Nw, (28) 


and a device constant 
R= Ine/Tpe (29) 
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Then from (23) and (10) 
In/Ip = Ry? 
Ry? 1 30 
ie ie (80) 
1+ Ry’ 1+ Ry? 


Combining (23), (27) and (80) gives the equation for y as a function of 
total current 


; I, — bI, w 
Pe 2Dn Nw 
(31) 
ahs ae (v/e)® - 1 
Ip V1 + 0(y/Yx)? 
where 
Yo" = b/R, (32) 


and [9 is a unit of (particle) current density characteristic of the device 


4D,?n;" L,\? N*D. 
igo +(~) silat (33) 
w* Ins w Ly 





A typical value for eg in a silicon diode is 


ely ~ 200 amp/cm? (34) 
based on (3). 
From (26) the potential drop in the middle region can be written 


2 2 
Y + Yo 
BVp =— ae In Y- (35) 
~ YY = Yoo 
From (24) and (30) 


Ape PA Sie el : tee 
w) = n— + bh —, + In—-: 
° Io 1+ d(y/Y0)? | Ips 


Thus the total applied bias V as a function of total current density J is 
given by 


(36) 


I +7." Y Io 
6Vein oe eee ee 
Io wal = Yoo" 1+ b(y/¥n)? Ips 


where (J) is the (positive) solution of (31). 

Thus far we have referred the problem of the V — J characteristic to 
the problem of calculating y(/) from (31). We see that in the limits of 
high and low current y approaches the limits 


¥=> 1 l€Io 


(38) 
_ = Ya I> lo, 
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and in general lies between these limits. A good approximate solution is 
readily obtained by replacing (31) with the quadratic equation 


y= 1 - a(7/r2)? — 1] 


e (39) 
z= (I/Ip)*(1 + b)—*, 
which has the solution 
Vv Yoo" os 4(1 + Z)2Y x0" <r Yoo" 


2z 


A plot of this solution is shown in Fig. 2 as a function of z for y, = %, 
Y. = 2. Since y(J) is bounded by unity and y,., which usually will be of 





\ 


Z= 


T 1 
In vVit+b 
Kia. 2 The function y(z) given by equation (40) for two choices of y.. 


order unity, we can reject some of the dependence of V upon y and retain 
only its essential dependence upon J. This appears in the first and second 
torms of (87). By means of (81) this second term can be written 





Iny — (y/%0)? + 1 ME 
re ; -1vi+ ar Ip a 
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Retaining only the essential dependence on J we write this equation 
BVy = C(I/Ip)*, (42) 


where C is a constant representing the slowly varying coefficient of (I/Io) 4 
in (41). We choose C such that (42) becomes exact at high current density 


when BV, is large inv. 2 


Vee Dy 
When we regard the third and fourth terms of (37) together as a constant 
BV, we obtain the simplified voltage-current characteristic 


(43) 





I I 
pvemtsc fi ser. (44) 
Io [ 


0 
In this approximation it is unnecessary to evaluate y(/) from (31). 






































= 001 002 004006 O1 02 04 06081 2 4 6 6810 20 4060 100 
I/Io 
Fic. 3 The voltage-current characteristic of the p-i-n diode according to equation 
(44). The dashed line represents an ideal p-n diode and el) ~ 200 amp/ 
em? in silicon. 


Fig. 3 shows plots of BV versus I/Io calculated from (44). For plotting 
the curves the value C = 1.1 was used. To choose a value for BV, we put 
y = 1, which gives 

Y 


pee ee 285 
"T piGa ER 
BV. > In [Zo/Uns + Ins)], (46) 


which has the value 27 in silicon according to the values in (3). The dotted 
line is the asymptote approached by the curve at low current densities 


ed, (45) 





so that 


I 
BV = h-——— 1K Io. (47) 
Ine pa 


Thin ia the characteristic of a simple pen junction when 
1» Ine + Tye: 
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We return now to the question of when the large injection conditions 
(18) are satisfied. Let us suppose J is much less than Jo so that y ~ 1, 
I,/Ip ~ R. It follows from (30) and (23) that 


No © Ny = Nfl /(Ins + Ips)”. (48) 
Now let us set m9 > P which gives a condition on the current density 
I> (P/ni)?Ins + Ips). (49) 
Setting noo > Np*, Pww > pnt gives 
I> Ine + Ips. (50) 


Usually P > n; so that (49) includes (50). When numbers are put in from 
(3) we get the condition for large injection 


el > 0.07 amp/cm? in silicon. (51) 


Since this current in (51) is much less than eJo, we may quite properly speak 
of large injection n > P and small currents I « Ip at the same time. 


Let us denote by 
Tom = (P/ni)?(Ine + Ips); (52) 


the current density at which conductivity modulation starts to be impor- 
tant. Then we may distinguish three ranges of current: (a) very small 
current J < Icy for which large injection analysis does not apply; (b) low 
current Icy <I < Io for which large injection analysis applies, but the 
voltage drop V, in the middle region is negligible; (c) large current I > Io 
for which Vp is sizable. The treatment of this section has covered ranges 
(b) and (ce). Range (c) (as treated here) does not extend to infinity but 
only up to current densities of the order 
+ 

a ~8 X 10* amp/cm?”, 





Pp 


#0 that the diffusion currents in the contacts may be treated as a small in- 
jection. 


SMALL INsecTION, No Recomsination. In this section, we shall cover 
ranges (a) and (b) in current density. We must go back to the basic equa- 
(ions, but we shall make use of two facts that have come out of the large 
injection analysis: (a) BV, is negligible when J K Io; (b) Y = no/nw = 1 
Which means n(a) and p(x) are essentially constant in the middle region 
Os «es wwhenl «Io. When we set 


mM = Nw, Po = Pw (53) 
ojuations (16) give us a de, 
= ( ot w 
Noo = Np e (54) 
Dow = pytetvo+¥e), 
Then (11) gives 
TmIn+ ly = (Ine + Ipy)[o? Vot¥w) — 1). (55) 
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Now Vo + Vz is the total applied bias when Vp can be neglected; there- 
fore we obtain the characteristic 


I 
V = ] ———— 1 ’ 
P . (7 + Ips . ) 8) 


which is valid until J approaches Jp. Of course we would not have obtained 
this ideal characteristic of a simple p-n junction had we taken recombina- 
tion into account; our result depends upon the constancy of n(x) and p(x) 
in the middle region. For the case of no recombination in the middle region 
(56) and (44) cover ranges (a), (b) and (c). Instead of (44) the more exact 
expression (37) could be used requiring the evaluation of y(/) from (81). 
It seems that the extra refinement is of no help in understanding the device 
and unnecessary in treating experimental data. Therefore, we shall adopt 
(44) and the approximations leading to it as a model for treating the more 
complicated recombination case. That is, we shall seek a generalization of 
(44) which takes recombination into account in a sufficiently good approx- 
imation. 


Lance InsEcTION WITH RECOMBINATION. We are interested in determin- 
ing the effect of recombination in the middle region upon the operating 
characteristics of the device. Therefore we go immediately to the large 
injection case n = p. Equations (16) become 


Ny = np — Dw = Nw(pyt/ppeve 67) 
no = pper” noo = No(np*/np)e®”®, 
which gives 
B(Vo + Vw) = In (nwno/n.”). (58) 


We shall assume that recombination is linear in the injected carrier density 
to simplify the calculation. It will be possible, later, to approximate bi- 
molecular recombination by using an appropriate value for the lifetime r+ 
corresponding to the injected carrier density. Therefore we write 


dl, dl, on 


mee “ 
Eliminating J,(x) by use of (13) gives the equation for n(x) 
Cx (60) 
df 


where L is the effective diffusion length in the middle region 
L = [(2Dar/(b + 1))”. (61) 
The solution of (60) may be written 
no Binh (Wo £) + My sinh z 
Mi ee ee 





ne (62) 
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where z = 2/L is the position variable and w = w/L is the length of the 
middle region in units of L. Fig. 4 shows several of these solutions for the 
case No = Ny. 


1X) 


Nw 





° 4 


X/w 


Via, 4. The carrier density according to equation (62) for the case no = ny and 
several values of w. 


In equation (60) and the solution (62) we have neglected the equilibrium 
carrier densities n», pp. The criterion for the validity of this approxima- 
tion is 


sinh Yaw K (ny/P), (nw/P), (63) 


arrived at by considering the minima in the solutions for w > 1. This is 
really a criterion for conductivity modulation, so we shall assume hence- 
forth that it is satisfied. 

We now modify (13) by setting n = p and eliminating E(x) by use of 
(22 


bI + 2D,yn'(2) 


I,(2) = 

b+1 , 
1,(2) I — 2Dyn'(x) ie) 
Ae 7 


where n/(v) = dn/da, Inserting these currents into (22) gives M(x) and 
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integrating gives the potential drop Vp in the middle region 


bl wdx b—1_ Ny 
BV, f 
0 


(b+ 1)D, n b+1 1 
This is the generalization of (26) for linear recombination. 

The direct evaluation of (58) and (65) in terms of the total current J 
leads to a very complicated expression for the applied voltage. It will be 
shown in the next section that this result reduces in its simplest approxi- 
mate form retaining only the essential dependence on w to the formula 


I IT 
V = In———_+C ’ (66) 
PS eee NTS) 


which is identical with (44) except that the characteristic current density 
is a function of w 
Iw) = Iog(w) 





(w/2)? 
g(w) = Sen es 
w @ 
cosh — tan! (sin “| 

2 2 (67) 

wo” wt 

Be i eee 
6 = 48 


Fig. 5 shows a plot of g(w). These results show that if w < 1 as we might 
expect in a good diode recombination has no significant effect on the for- 
ward voltage-current characteristic in the conductivity modulation range 
of operation. 
1,0 
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Kia, 6 The function gw) of equation (67), 
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ANALYsIs. We denote 
Nw no 


b=", gas. (68) 


nj ny 
From (11) and (67) 
Ip(w) = Ipe8?, — Tn(0) = Insh?. (69) 
By means of (62) and (64) we eliminate J, and J, and obtain the equations 
(b + 1)Ipst? = I — I,(€ cosh w — £) 


, (70) 
(b+ 1)RI,.f7 = bI + I,(€ — ¢ cosh w), 
where J, is a (particle) current density 
2D,N; 
a (71) 


oe Lash e 


In principle we could solve (70) for and ¢ as functions of J with R and w 
as parameters; this would determine BV through (58) and (65) and com- 
plete the problem. First we shall rewrite these equations in terms of y as 
in the analysis of the second section. 

If we eliminate J from equations (24) we get 





I,bcoshw + 1 I, cosh w + b 
blyps + — ——————_. =-_ R IIe’? +: Y -— —- 72 
P eal psy + 7 e b4+1 (72) 
which ean be solved for & 
I, coshw +b yo — 
In b+1 Ry’ —b 
where 
b coshw + 1 (74) 
eo cosh w + b 
Substituting (73) into (70) gives the equation satisfied by y 
Ry? cosh w + 1 I [(y/%0)? — 1)? 
Ap aera Ng ee ee a (75) 
Ry* + cosh w Ino Ry* + cosh w 
where Joo is a characteristic (particle) current density 
4 | w j= (76) 
oo  Lginhol = 6b +1 


Now the solution of (75) has two branches which as I — 0 approach 
values given by 
fi) orto 
Ry? cosh w + 1 (77) 


} 2 Oath Med 
» See Ry* + cosh w 
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As I increases the first branch remains positive and approaches 7, as 
I — «. The second branch becomes negative and approaches —Y.. 
Therefore, we choose that branch which satisfies 


(0) b cosh w + 1 
Y SON Tea aot 
b+1 
+ (78) 
(©) = Yx = (b/R)” 
y>0. 


On this branch y always lies between yo and y,, and y never approaches 
the quantity in (77b). Therefore we replace Ry’ by b (as if y = ¥.) in the 
first factor on the left of (75), and obtain the simpler form 


es great fF _(y/r0)* = 1_, (79) 
Too /Ry + cosh w 


which is the generalization of (31). 
The drop BVp in the middle region given by (65) can be written 


BV =) 4 Ce hw F.(y), (80) 
=—— —— ,/— cos w(¥), 
oe yet ee ar 


where F.,(y) comes from f dxz/n and is defined 


1 





Fr -f w du 
w) = > ysinh [w(1 — u)] + sinh [wu] 
pe - [+2 
*t+O| 1— &Q (81) J 


: /1 — 2y cosh w + 7 
tan! e?Q — tan7!Q 


————— 
4/27 cosh w — 1 — y 


or 


The first form applies when y > ¢®, or y < e~®, and the second applies — 


when e~” < y < e®, and Q is the quantity 


Ww 


1— ye 


eS ea sh 82 
Q V|1 — 2y cosh w + ¥° | Ce 


It can readily be shown that when w —* 0 


| 
Fo(y) =< — (83) 
v — 1 - 
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Thus when w = 0 (80) reduces to 


2 [I 
20] pn RS 2 
vaipea” Ea an +1 


2) ee 
y-1 Rf +4+1 Io 


which is identical with (41). It is also clear that (79) reduces to (31) as 
the recombination goes to zero. Finally we write from (58) 


Iny b-1 








BVp > 
(84) 





I 
AS eV) Se ae a 
das Ry? + cosh w 


which reduces to (86) when w = 0. Thus the whole theory reduces cor- 
rectly in the case w = 0. 


(85) 






























































Fia. 6 The function F,,(y) of equation (81) for several values of w. 


The function F,(7) is plotted in Fig. 6 for several values of w including 
w = 0. The expansion of F.,(y) to order w? is 








ho In y w 
wlY “ai 4a 
ny 
1) —2 
init (y + 1) as (86) 
(y — 1)? 


1 
ml — Qyin=-+:':, 
” 
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Our next step is to eliminate from (80) and (85) unimportant dependencies 
on I which would be difficult or impossible to detect experimentally. If in 
(85) we let y = 1, cosh w = 1 we get 


B(Vo + Vw) = 1 


I 
n———- 
Ins + Ts 


In (80) we drop the first term (as if y = 1) and in the second term we put 
Ry? =b (as ify = Yoo) and F.(y) = F,(1), 


(87) 


de cake ) (88) 
=~ —— ,/— cos w(1). 
b+ 1 VIo0 . 


In this way we retain the correct form of dependence on w, but throw out 
the dependence on J that comes from y(J). It can be shown from (81) that 


BV, 


F,(1) = 
a 
inh — 89 
sin ; (89) 
wo? wt 
Sopa ate 
12 = 180 5 
Thus we define the characteristic (particle) current density of the device 
(b + 1)Lo0 
Io(w) = 


(b + cosh w) F..(1)? 


2 
@ 
= I) |——— | =I ’ 
: ne eel oe 
and (88) can be written 


2 I 
pS = 91 
aM Vb +1 Vine) 


This formula corresponds to (42) with C = 2/ »/b + 1. In the spirit of 
the present theory the exact value of this constant is not important, so we 
may replace 2/+/b + 1 in (91) by C. Then the sum of (87) and (91) gives 
the total applied bias (66). 


Non-Linear Retomsination, In this section we shall consider the for- 
ward characteristic of a p-i-n diode in which the current densities at the 


contacts obey the law 
(: ) 
n na ce 


' (92) 


Pww f 
: = i c (72) 
pm ime 


(90) 
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where I,, and Ip, are characteristic of the device and a is a number be- 
tween 0 and 1. We see that (30) must be replaced by 


In/Tp = Ry** 
Pee ST 2 ee) 
"T+ R* "14 Ry 
and (23) must be replaced by 
mo = (In/Tns)*!?? 


94 
Ny = Ni(Tp/Tps)!?*. “ 
The equation for y is now 
I 1—(1/2a) (y/¥'0)?4 as: 
y=1-() 2a]1—(1/2a) (95) 
I, [1 + B(y/y'0)?4— 0 
where 7’. = (b/R)!/?4 and 
= hG@aijin? (96) 


is a characteristic (particle) current density of the device. We now obtain 
BV, from (26) 
BVp = C'(I/I,)'-0™, (97) 


where C’ is a slowly varying function 

(y/7'o)* +1 In y 
© [LF BGy/7'o)P 09 y = 1 
similar to the coefficient in brackets in (41). From (21) and (94) we get 


7 


(98) 


1 I,Ip 
B(Vo + Vw) = oa T1. (99) 
If now y ~ 1 we get eae 
I 
Pa ie = eth VotVw) (100) 
ns ps 


‘This shows how we must choose a to agree with the low current charac- 
(oristic. On the basis of experience with silicon diodes we would choose 
a ~ 0.6, which would give : 


BVp ~ C'(I/1,)?™". (101) 
The characteristic current density would be 
el, ~ 200 X ([ps/Io)~? amp/cm? in silicon. (102) 


‘The value to use for J), is very uncertain, but it certainly is much less than 
I», #0 1; > Io. Thus we would not expect to observe BV p, and the charac- 
toristic should have the form 

I~ Ie”, (103) 


up to the highest attainable currents, 
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We have shown in this section how the law of recombination in the 
contacts affects the dependence of Vp upon J. In particular if a = % 
there is no dependence of Vp upon J, which means that the conductivity 
due to injection increases just as rapidly as the current. We may con- 
clude from (97) that the smaller the value of a the more effective is con- 
ductivity modulation in keeping down the drop Vp in the middle region. 


Discussion. We have considered the p-i-n structure of Fig. 1 having 
typical parameters given in (3). We find that the presence of the middle 
region causes no significant deviation in the voltage-current characteristic 
from that of a simple p-n diode until very high current densities are 
reached, of the order of 200 amp/cm? in silicon. In particular the middle 
region is not responsible for an anomalous slope in the plot of V vs log J. 
We find that recombination in the middle region can be accounted for by 
replacing the characteristic current density eZ) of the device with 
elyg(w/L) where g(w/L) <1 is shown in Fig. 5. Thus qualitatively 
there is no change in the form of the voltage-current characteristic due 
to recombination in the middle region, although the effect of g(w/L) is to 
make the voltage drop somewhat higher than if recombination were 
absent. 

We have suggested that the anomalous slope of V versus log J usually 
observed in silicon diodes might be due to non-linear recombination. If 
the recombination obeys a power law chosen to give a typical (anoma- 
lous) V — I characteristic for a p-n diode, we have shown that the p-i-n 
diode should manifest the same characteristic up to extremely large 
current densities many times eJy. Thus the drop across the middle region 
should be even more negligible with non-linear than with linear recom- 
bination. 
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4B. ELECTRON MULTIPLICATION IN SILICON 
AND GERMANIUM * 


K. G. MCKAY AND K. B. MCAFEE 


Electron multiplication in silicon and germanium has been studied in the 
high fields of wide p-n junctions for voltages in the prebreakdown region. 
Multiplication factors as high as eighteen have been observed at room 
temperature. Carriers injected by light, alpha particles, or thermal-gen- 
eration are multiplied in the same manner. The time required for the 
multiplication process is less than 2 X 10-8 sec. Approximately equal 
multiplication factors are obtained for injected electrons and injected 
holes. The multiplication increases rapidly as “breakdown voltage”’ is 
approached. The data are well represented by ionization rates computed 
by conventional avalanche theory. In very narrow junctions, no observ- 
able multiplication occurs before Zener emission sets in, as previously 
reported. It is incidentally determined that the efficiency of ionization by 
alpha particles bombarding silicon is 3.6 + 0.3 ev per electron-hole pair 
produced. 


INTRODUCTION 


Electron multiplication in gases in the prebreakdown Townsend ava- 
lanche has been known for years; however, the corresponding charge mul- 
tiplication in solids has not been as clearly recognized. The increased 
dark current observed in some insulators prior to breakdown has been 
attributed to strong field emission from the electrode (Ref. 1) while 
current multiplication in semiconductors is normally caused by transistor 
action, ie., the control of electron flow by the presence of positive holes 
or vice versa. The purpose of this paper is to describe experiments that 
demonstrate that charge carriers, injected into a p-n junction, can mul- 
tiply under high field conditions. This multiplication appears to be an 
avalanche formation, and it occurs in both silicon and germanium. 
Previous measurements (Ref. 2) of carriers injected by photons into very 
harrow germanium junctions have shown no charge multiplication. Sub- 
sequent measurements on those junctions of carriers injected either by 
photons or alpha particles have confirmed the earlier measurements, par- 
\icularly in the prebreakdown region. For such junctions the slope of 
the current-voltage characteristic in the breakdown region is in essential 


* Originally published in Phys. Rev., Vol. 91, Sept. 1, 1953. 
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agreement with the Zener theory of internal field emission (Ref. 3). 
The absence of multiplication is also implicit in the Zener theory. 

The measurements to be described in the present paper were under- 
taken to examine in detail the portion of the current-voltage character- 
istic just below the “breakdown” or “voltage-limiting” region. The ger- 
manium junctions presently to be described differ in an important man- 
ner from those previously studied in having a broader space-charge re- 
gion. The observation of charge carrier multiplication leads to the possi- 
bility of avalanche breakdown in broad junctions and Zener internal 
field emission in junctions which are too narrow to support appreciable 
multiplication. 

Although current multiplication has now been observed in a large 
number of junctions, in the following we shall concentrate on just two 
particular crystals—one of silicon and one of germanium. The crystals 
were fabricated by pulling from the melt with the axis of the seed 
parallel to the [111] crystal direction. The melt at the start contained 
p-type impurity. Halfway through growth the n-type impurity was 
added. The units were cut from the crystals so that they were bisected 
by the p-n junction whose plane was normal to the rod axis. In all of the 
measurements to be considered here, the individual rods from a given 
crystal had essentially identical properties, so only one of each will be 
specified. The physical dimensions, donor and acceptor impurities, and 
the resistivities are given in Table 1. 


TABLE 1 SAMPLES CHARACTERISTICS 





Crys- | Length | Width Br Pp 





Donor Acceptor | ohm- | ohm- 
tal cm em 
cm em 
Ge 1 0.1 | Arsenic Gallium | 0.0066 | 0.27 
Si 1 0.1 Phosphorus | Boron 0.024 | 0.006 





CURRENT-VOLTAGE CHARACTERISTICS 


Fig. 1 shows the room temperature current-voltage characteristics of 
the junctions plotted on a log-log scale. The germanium junction ex- 
hibits an excellent saturation characteristic followed by the now familiar 
breakdown region (Ref. 2). The silicon reverse characteristic does not 
saturate as well, and the reverse current is much larger than it should be, 
based on the observed forward current and Shockley’s theory of the p-n 
junction. However, this seems typical of well-behaved silicon junctions, 
and McAfee has proposed that this is due to spontaneous electron-hole 
pair generation within the space-charge region itself, Shockley and Read 
have shown that this is theoretically possible (Ref, 4), 
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Vig. 1 Current vs voltage characteristics for the germanium and silicon p-n 
junctions. 


Fig. 2 shows the breakdown regions on a greatly expanded voltage scale 
to permit a measurement of the slope d(In V)/d(Jn J) in this region. The 
measured slopes for the germanium and silicon junctions, respectively, 
are 0.0013 and 0.00070. These slopes are at least a factor of ten smaller 
than those predicted by Shockley’s modification of the Zener theory of 
internal field emission (Ref. 2). 
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Via, 2 Enlarged J/V characteristics showing the details in the breakdown region. 


CAPACITANCE-VOLTAGE CHARACTERISTICS 


Fig. 38 shows the variation of junction capacitance as a function of ap- 
plied reverse voltage V as measured on an audio-frequency bridge. From 
the capacitance per unit, area, C/A, we obtain the effective width W of 
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the space-charge region simply through the relationship Figs. 4 and 5 show W and Eynax plotted as a function of V as obtained 


from these relations. These data serve to establish the basic electrical 
K 





W= ’ 
4nC/A 


where « = dielectric constant = 16 for germanium and 12 for silicon. 
However, additional information can be derived from the functional form 
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Fic. 3 Measured variation of junction capacity with applied voltage. 


of the capacitance variation with voltage. If we increase the voltage in 
Fig. 3 by the built-in voltage (2y:) for applied voltage equal to zero, we 
find that log (C/A) vs log (V + 2y:) yields a good straight line. For 
both the germanium and silicon junctions, the slope of that line is given 
by C ~ (V + 2y,)—-%, which is the relationship derived for a linear 
gradient of impurity concentration across a junction (Ref. 5). The 
growth processes for both junctions were such that a nearly linear 
gradient was to be expected. The capacitance variation confirms this 
expectation and permits the assertion that the electric field is a maxi- 
mum at the center of the junction and decreases parabolically with dis- 
tance from the center, ‘The maximum field is 


Bw @ LOR = 1.5(V + ay)Wwe, 
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Vic. 4 Variation of junction width W and maximum junction field Emax with 
, applied voltage V for the silicon junction. 
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"ia, 5 Variation of junction width W and maximum junction field Bmax with 
applied voltage V for the germanium function. 


PHOTOENHANCEMENT 


It has been demonstrated by Goucher (Ref. 6) that when light falls on 
4 germanium reverse-biased p-n junction, unit quantum yield is obtained 
and that, within wide limits, this is independent of the bias voltage. Our 
measurements show significant departures from this relationship as the 
bins voltage approaches breakdown, The measurements were made by 
measuring the voltage and current through a nonilluminated junction 
with a type K potentiometer, The junction was then illuminated, the 
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junction voltage readjusted to the previous value, and the new current 
determined. The change in current was ascribed to photoconduction. 
Fig. 6 shows a plot of photocurrent vs applied voltage for the silicon 
junction. The light was filtered by a monochromator and wavelengths 
above and below the long-wave limit for silicon were used. By normaliz- 
ing the photocurrents at low voltages where the induced currents are 
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Fic. 6 Variation of photocurrent with applied junction voltage for light of various 
frequencies illuminating the silicon junction. The ordinate scales have 
been normalized by setting the photocurrent equal to unity at low voltages. 


very nearly voltage-independent, we see that the yield curves are essen- 
tially independent of exciting wavelength. Moreover, the normalized 
curves are independent of the intensity of the light over the measured 
range of 100:1. The photo yield curves for the germanium junction were 
very similar in shape to those for silicon if the voltage scale was multi- 
plied everywhere by about a factor of three. To check the absolute 
yield, a light spot of a known intensity was used on the germanium junc- 
tion. At a low reverse bias of 3 v this yielded a quantum efficiency of 
0.65. An estimate of the width of the light spot, together with the diffu- 
sion lengths in the sample, corrects this to approximately unity quantum 
yield. At a bias of 33.9 v, the photocurrent had increased by a factor of 
ten to give an apparent quantum yield of 6.5 and a corrected yield of 
about 10, 
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It is of importance to know whether the photoenhancement at high 
voltages is the same for injected holes as for injected electrons. This was 
determined by scanning the junction in a direction parallel to the sample 
axis with a small spot of light. This is essentially the same as the tech- 
nique described by Goucher (Ref. 6) to measure diffusion lengths. The 
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I'ia. 7 Photoresponse of the germanium junction as a function of distance from 
junction of light spot for two different values of applied voltage. The 


dotted curve represents the expected response if holes injected by light 
did not multiply in junction. 


two solid curves of Fig. 7 are typical of the germanium sample. The light 
spot was small enough to guarantee that when scanning on the n side we 
were indeed injecting holes into the barrier and not electrons generated 
by scattered light over the p side. The two curves are essentially identi- 
cal in shape and, if normalized to the same maximum current, are alike. 
‘he same is true of curves measured at other biases. If multiplication of 
injected electrons did occur and multiplication of injected holes did not 
oceur, the yield at the higher bias would follow the lower curve on the 
n wide and the upper curve on the p side as shown by the dotted line. 
This is clearly not the case, 
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ALPHA BOMBARDMENT CONDUCTIVITY 


The measurements described above are all de measurements; they can- 
not ascertain the time scale at which the enhancement takes place. In 
particular, they cannot distinguish between essentially instantaneous mul- 
tiplication in the junction and a form of transistor action established by 
an n-p-n-p structure. It was thus desirable to measure the time scale of 
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Fic. 8 Charge Q collected per alpha particle incident on junction of applied 
voltage. Data are shown for three separate silicon junctions and the 
germanium junction. Silicon No. 10 is the junction used in all other 
figures. 


the action and to study the enhancement by using an entirely different 
form of current injection. These objectives were achieved by bombard- 
ing the junction with alpha particles from polonium and measuring the 


charge produced per alpha particle. The charge pulse is transformed — 


to a voltage pulse, amplified on a wide-band, high-gain amplifier and dis- 
played on an oscilloscope. The details of the equipment have been pub- 
lished previously (Ref. 7). It should be noted that an absolute determi- 
nation of charge is obtained in this measurement, 

Fig. 8 shows the variation of the charge collected in units of q, the 
charge on an electron, as a function of applied voltage for both silicon 
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and germanium junctions. The three sets of points for silicon were taken 
on three different junctions of somewhat different dimensions which were 
cut from the same single crystal. The dots and squares correspond to 
measurements taken by photographing the oscilloscope traces and care- 
fully measuring the negatives. The circles and crosses correspond to 
visual observations of the oscilloscope and thus are not as accurate. Thus 
within the accuracy of the visual measurements there is no significant 
difference between the three sets of points for silicon. As will be shown 
later, these results agree with the photoenhancement measurements. 

The absolute yield values are of interest. The low field yield for 
germanium was 1.80 < 108 electronic charges per polonium alpha particle. 
This gives for the efficiency of ionization, « = 2.94 + 0.15 ev/pair, where « 
is defined as the energy of the bombarding particle divided by the num- 
ber of electron hole pairs produced per particle. This value for « com- 
pares well with the previously determined value of « = 3.0 + 0.3 ev/pair 
as measured on several other germanium junctions in the low field region 
(Ref. 7). The corresponding value for silicon is « = 3.6 + 0.3 ev/pair, 
for which a value has not previously been published. 

By examining the individual pulses on a fast sweep, the pulse rise 
times could be studied. As previously described (Ref. 7), the rise time 
corresponds to the total time that the induced current is flowing across the 
junction. Careful studies were made on both silicon and germanium of 
the pulse rise times throughout the voltage ranges shown on Fig. 8. For 
all voltages, including those where the charge enhancement was greater 
than 15, pulses were observed with a rise time that was characteristic of 
the amplifier, i.e., the actual pulse rise time must be less than 0.02 psec. 


NORMALIZED YIELD CURVES 


Fig. 9 sums up the previous results. The photo yields and alpha bom- 
bardment yields have been normalized to unity at low biases where they 
are voltage independent. The normalized voltage is V/Vz where Vz, the 
breakdown voltage, is obtained from the current-voltage characteristics 
shown in Fig. 2. It should be emphasized that the normalizing voltage 
has not been determined simply by the voltage at which the charge en- 
hancement became very large. The normalized curves are similar for the 
(wo junctions although showing a real difference for 0.6 < normalized 
voltage < 0.95. : 

Another source of carriers which are injected into the junction is the 
saturation current itself, derived from the spontaneous thermal genera- 
tion of electron-hole pairs. According to the previous results, this current 
also is multiplied in the high field region. If the linear portion of the 
maturation current in Fig. 1 is extrapolated to higher voltages and the 
difference between this and the actual current is plotted against normal- 
ined voltage, the result is a plot which follows the curves of Fig. 9. The 
multiplication so obtained is indeed somewhat less than that obtained by 
deliberate carrier injection, This is to be expected since the de reverse 
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current is made up partly of a volume current and partly of surface leak- 
age which is strongly dependent on previous surface treatment. However, 
this result means that for these junctions, the “‘soft’’ knee observed in the 
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Fic. 9 Normalized yield curves of alpha bombardment and of photoconductivity 
for the silicon and germanium junctions from Fig. 8 and Fig. 6. Ordinate 
normalization was obtained by setting photo or alpha yield equal to unity 
for small applied voltage. Abscissa normalization was obtained by di- 
viding the applied voltages by the breakdown voltages from Fig. 2. 


transition from the saturation region to the breakdown region, as shown 
in Fig. 1, can be attributed to multiplication in the junction of the 
saturation current (Ref. 8). 


DISCUSSION 


The experimental evidence that has been presented can be used to 
establish the following characteristics of the observed process: 
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1) The agreement obtained in photo yield vs voltage with different 
values of the incident wavelength (Fig. 6) is sufficient to show that multi- 
plication takes place in the same amount regardless of the depth within 
the semiconductor at which the charge carriers are produced. The longer 
wavelengths employed gave a penetration depth (Ref. 9) for the light 
many times the dimensions of the sample while the shorter wavelength 
produced most of its charge carriers in the region near the surface. 

The agreement, shown on Figs. 6 and 9, between the yield curves for 
various wavelengths of light together with those for alpha bombardment 
conductivity, rules out the possibility that the increased induced current 
can result merely from an enhanced rate of production of carriers by the 
bombarding particle in the high field region. 

2) The absolute measurements of quantum yield both with light and 
with alpha bombardment, show that charge multiplication is really tak- 
ing place in the junction. 

3) The rise time measurements of the pulses produced by alpha par- 
ticles show that this multiplication takes place in a time that is less than 
2 10-8 sec. Moreover, the values so obtained agree with those observed 
in the de measurements. From this we conclude that the multiplication 
is not merely a consequence of a hook mechanism resulting from an 
n-p-n-p structure or a complex of traps such as are invoked in secondary 
photoconductivity. Rather, we conclude that we have true multiplica- 
tion taking place in the high field of the barrier. Further evidence that 
the barriers studied are not pathological is obtained from the completely 
normal current-voltage characteristics of Fig. 1, the capacitance-voltage 
characteristic of Fig. 3, and the diffusion length characteristic of Fig. 7. 
Moreover, the fact that such multiplication has been observed in many 
junctions rules out a mere freak configuration of impurities. 

4) In the diffusion length curves of Fig. 7, the holes or electrons 
that reach the barrier from a light spot a given distance from the barrier, 
remain essentially constant irrespective of the barrier voltage. Thus, 
the fact that the entire curve is unchanged in shape by multiplication 
implies that both electrons and holes multiply at approximately the same 
rate. A correction term has been added to the diffusion equation to esti- 
mate the effect of applied field upon motion of the injected carriers. 
Using the measured resistivities this contribution proves to be negligible 
when compared with the diffusion term. 

5) The good agreement between the voltage at which the multiplication 
becomes very large and the onset of breakdown suggests that the two 
are closely connected. 

One possible model of the multiplication process is that the production 
of an electron-hole pair by an incident electron can take place anywhere 
in the high field region of the barrier rather than at one-singular point 
or on one singular plane. In that case we have a situation analogous 
to that of a gas discharge in which the walls and electrodes act only as 
sinks for charge carriers and both electrons and ions can ionize, This 
in the Townsend 8 process (Ref, 10), It can be shown (Ref, 11) that for 
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equal rates of ionization of electrons and positive holes and for a uniform 
field, we have simply 
ay = (1 — M~")/Wetr, (1) 


where a = the rate of ionization, i.e., the number of electron-hole pairs 
produced by a carrier per cm path traveled in the direction of the field, 
M = the observed multiplication factor, and Wer = the effective barrier 
width. 

Actually the field distribution across the barrier is parabolic as deter- 
mined from the capacitance-voltage measurements. However, at this 
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Fie. 10 Calculated ionization coefficients for germanium and silicon. 


stage it is reasonable to assume a uniform field and an effective barrier 


width. The effective barrier width Wore was chosen as one-half the actual — 


barrier width as determined from capacitance measurements, and the 
effective “uniform” field was taken equal to the maximum field existing 
at the center of the junction, For a given applied voltage, values of W 
and Hyy. were obtained from Figs, 4 and 5 and values of M from Fig. 8. 
Inserting these in equation (1), we get the values of a shown in Fig, 10. 
These show that although the multiplication is a rapidly varying fune- 
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tion of the field, no such violent variation is required of the rates of ioni- 
zation. It should be observed that the use of equation (1) does not de- 
pend critically on the assumption that the ionization rates for electrons 
and holes are equal. 

Although insufficient data are available to deduce values of a theo- 
retically, at least it can be shown that the values obtained are not un- 
reasonable. The collision cross section for electron-hole pair production 
is now known as a function of the energy of an exciting electron or hole. 
However, the alpha bombardment measurements set an upper limit to 
the minimum energy Emin required for pair production, while the energy 
gap Eg sets a lower limit. (If the lattice interaction is neglected, the 
lower limit will be 2Eg.) Thus for germanium 0.7 ev < Emin < 2.9 ev 
and for silicon 1.1 < Emin < 3.6 ev. Shockley’s theory of hot electrons 
in germanium (Ref. 12) makes plausible the existence of electrons of 
several volts energy for fields of greater than 10° v/em. The reciprocal 
of % is the mean free path for pair production in the direction of the 
applied field. The minimum value of a~! obtained for silicon was 
2000 A corresponding to a barrier width W = 3750 A and an applied 
voltage of 11 v. Thus sufficient energy is available within a mean free 
path a1 to make pair production possible. 

Using the measured values of a for germanium, we can compute the 
expected multiplication for the narrow junctions in which the voltage 
limiting region was identified with Zener emission in an earlier publica- 
tion (Ref. 2). For the highest voltages used, the calculated multiplica- 
tion is less than 3 per cent and hence negligible. This agrees with the 
experimental data. Thus it appears that, for very narrow junctions, ap- 
preciable multiplication can occur at very high fields and, before such 
fields are reached, internal field emission sets in. However, for wider 
junctions, the multiplication factor M may become infinite for fields be- 
low those required for field emission. 

The junctions studied in the present work do not appear to be in any 
way unusual; they are uniform and well-behaved. It should be noted 
here that multiplication has been observed in junctions at least ten times 
as wide as these. Consequently the junction width and the impurity 
concentration do not appear to be critical. It is evident that although 
these experiments do not concern the region of breakdown itself, they 
must be taken into account in any theory of breakdown for these semi- 
conductors. 
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4C. AVALANCHE BREAKDOWN IN SILICON * 
K. G. MCKAY 
An avalanche theory of breakdown at room temperature is proposed for 


semiconductors based on the assumption of approximately equal toniza- 
tion rates for electrons and positive holes. The problem of obtaining iont- 


zation rates from data obtained in inhomogeneous fields 1s solved exactly — 


for two specific field distributions. Ionization rates for silicon thus cal- 
culated from experimental data on breakdown voltage and on prebreak- 
down multiplication for both linear-gradient and step junctions are in 
good agreement. The temperature coefficient of the tonization rate ex- 
hibits a similar internal consistency. It is concluded that internal field 
emission has not been observed in silicon. 

Detailed observations are reported of the pulse-type noise associated 
with breakdown. It is shown that this noise represents the unstable onset 
of breakdown and that, for the junctions studied, all of the current flow 
in the breakdown region can be attributed to the current carried by the 
noise pulses. 
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INTRODUCTION 


The Townsend theories of avalanche breakdown in gases have, in gen- 
eral, not been applied to intrinsic electric breakdown in solids. The 
reason for this is that no comparable regenerative mechanism for the 
electron avalanche has been postulated for solids. In gases, regeneration 
was first assumed through ionization by positive ions. This hypothesis 
was later abandoned in favor of electron emission from the cathode by 
positive ion bombardment. However, the role played by positive holes 
in intrinsic breakdown in solids has usually been ignored. Consequently, 
the principal theories (Ref. 1) have dealt only with electron multiplica- 
tion by electron impact or electron production by internal field emission. 
The former mechanism, represented by the work of von Hippel and 
Frohlich, has been reasonably successful when applied to insulators such 
as the alkali halides. The latter mechanism, proposed by Zener, has been 
identified with the high-current region of the reverse voltage characteristic 
of very narrow germanium n-p junctions (Ref. 2). However, the recently 
measured charge multiplication at room temperature in the pre-break- 
down region of germanium and silicon n-p junctions (Ref. 3) shows that 
avalanche formation can also occur at attainable fields, and that elec- 
trons and positive holes have approximately equal ionization rates. This 
makes possible the application of a modified form of simple gas dis- 
charge theory to breakdown in n-p junctions of germanium and silicon. 

The distinction between what is here proposed and what has been ob- 
served on narrow germanium junctions (Ref. 2) should be emphasized. 
In a narrow junction, it is proposed that the field across the junction 
eventually attains such a value that internal field emission takes place 
from the region of the highest field. The observed current is deter- 
mined by the field strength in that region (and possibly by space-charge 
effects). As the field increases, the current increases, but breakdown, in 
the sense that it is defined for gases, cannot take place solely through this 
mechanism. In the strict sense, breakdown defines a discontinuity in be- 
havior; it requires some form of positive feedback which, at breakdown, 
may result in instability. Internal field emission does not result in in- 
stability except through secondary effects. In broader junctions with the 
fields insufficient to produce Zener emission, the field distribution may be 
such as to permit multiplication by injected carriers, i.e., an injected elec- 
(ron interacts with a valence electron to produce an electron-hole pair 
and soon, This is a cumulative process which can result in a rigorously 
(lefined breakdown. Its existence depends on the fact that both holes and 
electrons can ionize, thus providing what is essentially positive feedback. 

A problem associated with the study of breakdown in semiconductors 
jn that the experimental data are obtained from fairly narrow regions 
noross which the fields are not uniform. To compare theory with experi- 
mont, it is necessary to transform the observed behavior into what would 
he observed in an infinite solid with a uniform field. In the following 
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it will be demonstrated how rates of ionization can be derived from 
observed data for certain specific field distributions. 


THEORY 


Following Townsend’s derivation of his “8” mechanism in gases (Ref. 
4), we define the rate of ionization a; as the number of electron-hole pairs 
produced by an electron per cm travelled in the direction of the electric 
field E. We assume that the rates of ionization for electrons and for 
holes are equal. The results do not depend critically on this assumption, 
i.e., if the ionization rates differ by 10 per cent the results will be in error 
by about this amount. As shown in Fig. 1, the barrier has a width W 


kK SSE fase JUNCTION--~----- >| 
Ws | S 
Fig. 1 The geometry assumed for the calculation of avalanche multiplication. 
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and plane parallel geometry. The field is assumed to be solely a function — 
of the position coordinate x with the EZ and «x vectors coincident. The 
number of electrons injected into the junction at c = 0 is mp. These elec- — 
trons can produce more carriers, both holes and electrons. However, we- 


need only to follow the history of carriers of one sign, the others being 
automatically taken care of; we choose here to calculate the electron 


avalanche. Let the number of electrons produced by electrons or holes — 
between 0 and x be 7 and the number of electrons produced between x 
and W be no. Then the number of electrons produced between x and 


z+ dz is 
dn, = (no + ny )a; dx + nga; dx = na; dz, 
where n = no + n + Ng = the number of electrons collected at the anode, 


Integrating with the boundary conditions n; = 0 at x = 0 and n = % 
+ np at x = W, we obtain 


pf Ww 
1-—=[ ie (1) 
Mx 


where M = n/no = the multiplication factor. 

When the integral in equation (1) attains unity, M— o and break- 
down occurs. We should note three assumptions that are implicit in the 
use of equation (1), These are: 

1) «(E) is solely a function of Z, This neglects the influence of the 
past history of the ionizing carrier, which assumption seems reasonable 
if the carrier loses energy primarily through lattice collisions rather than 
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through ionizing collisions. This is probably invalid for very narrow 
junctions where we should approach the situation found in the cathode 
fall region in gases. 

2) We neglect the loss of carriers in the junction by recombination. 
Since the time required for an electron to traverse a typical junction with 
a field appropriate for appreciable multiplication is of the order of 10—1° 
sec or less, this is negligibly small compared with recombination times of 
greater than 10~—® sec. 

3) We neglect the mutual interaction between conduction electrons 
(such as postulated by Fréhlich) on the grounds that at any given instant 
of time, the actual number of electrons in the barrier region is insignifi- 
cantly small. Although this assumption is not always valid, it is valid 
for the experimental data to be considered here. 

We shall now consider the direct solution of equation (1) for certain 
specific field distributions. 


THe Step Junction. The step junction considered here is one in which 
the impurity concentration varies abruptly from p type to n type. If 
the acceptor concentration on the p side is much greater than the donor 
concentration on the n side, essentially all of the space-charge region will 
be on the n side. This leads to the Schottky-type barrier (Ref. 5) as 





STEP JUNCTION 
(a) 





aul 0 
2 


n|= 


LINEAR GRADIENT JUNCTION 
(b) 
Via. 2 Idealiszed field distributions for n-p junctions, 
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shown in Fig. 2(a). The following relationships hold between the field 
E, the junction voltage V and the width W: 


E = Ey(1 — 2/W), (2) 
Ey = 2VW—, (3) 
W = WiV/V = 0.5W,?Ew, (4) 


where Ey = the maximum field in the junction, W; = the width constant 
for a given step junction 


T3710 
i= i for silicon, 
Np — Na 


V = V,, the applied voltage, plus V;, the built-in voltage. V; normally 


ranges from about 0.5 to 0.7 v at room temperature in silicon. 


Using equation (2) to change the variable of integration in equation (1) 


and noting that W/Eu = W,?/2, we obtain 


Ey Ww W 2 Ey 
1-1/M = f _~elh an = f a;(E) dE. (5) 
o Em 2 Jo 
Differentiating (5) with respect to Hy leads to 
2 d(l—1/M) 4 dW, 
, See ee ee a TY es (6) 
olin) = Wa ae, we | dEm 


The two terms of the right-hand side of equation (6) disclose two different 
ways in which experiments can be performed to determine «; since the 
terms can be considered separately in the following manner: — 
Case I. If we measure M vs Ey on a single junction, W, is constant 
d 
" 2 d(1 — 1/M) 
WwW, dEu 


Case II. If we measure Eg, the maximum field in a junction at break= 
down for various junction widths W,, M = ~ and we have 


eee ee, (8) 
W,? dEg 


Equations (7) and (8) permit a point by point evaluation of a(B2) 
from either multiplication data or breakdown data obtained on step 
junctions. 


a;(Eu) = (7) 


a;(Ep) = 


Tue LinEArR-GRADIENT JuNcTION. The second common simple june= 
tion is the linear-gradient junction (Ref. 5) in which the charge densit; 
of donors Np and acceptors N, is given by 


N. p= N A™ az, 
where the zero of the w coordinate is taken in the center of the junction an 
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a is a constant for a given junction. This leads to the field distribution 


shown in Fig. 2(b). The following relationships hold between E, V, and 
W: 


E = Ey{l — (22/W)?], (9) 
Ey = 1.5V/W, (10) 
W = WiV* = [(24W,3 Ey)”, (11) 


where Ey = the maximum field in the junction and W, = the width con- 
stant for a given linear-gradient junction. 

Using equation (9) to change the variable of integration in equation (1) 
and noting that W/Ey’* = (W,3/1.5)”, we obtain 


Em Wa;(E) 
1-—1/M =2 f —_ 7 EE 
o 4Emu”*(Ey — E)” 
17 W,3)% 7®™ a;(E) dE 
eo a — (12) 
2L 1.5 o (Em — FE)” 
By the use of Abel’s integral theorem (Ref. 6) this can be transformed to 
1d f®™ (1—1/M) 1.57% 
(HE --—_ | (| dE. 13 
WW) gids. Gis Be We ts) 


As before, two separate types of experimental data can be used to eval- 
inte a; as follows. 


Case I. If we measure M vs Ey on a single junction, W, is constant and 


2/1.5\% ad Em (1 — 1/M) 
Ot) = =| fo f ———— dE |. (14) 

\W.3/ dEulJo (Eu — E)* 
Case II, Tf we measure Ez, the maximum field in a junction at break- 
(lown for various junction widths W,, M = © and equation (13) becomes 


(Hp) = 7 (1.5)4—© (f° | (15) 
a; BB) = = eB dip W3(Ey - BE) 


Again, equations (14) and (15) permit a point by point evaluation of 
«(2) from either multiplication or breakdown data obtained on linear- 
gradient junctions. 

No exact solutions of equation (1) have been obtained for field distri- 
hutions other than those presented above. However, fairly good approxi- 
iMations can be obtained for some commonly encountered distributions, 
6, the extension to a composite junction, consisting of part linear- 
gradient and part step junction, is accomplished by assuming that the 
entire junction has a linear-gradient field distribution with a width con- 


slant that varies in an appropriate manner with applied voltage. Some 
experimental results have been so obtained that are in substantial agree- 
ihent with those to be discussed later, 
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EXPERIMENT 


A basic assumption of the preceding theory is that both holes and 
electrons have the same ionization rates for a given field. Photoconduc- 
tion scanning curves taken with various voltages applied to the junctions 
indicate that this is a valid assumption for both silicon and germanium 


within the experimental accuracy limits of about 15 per cent as previously — 


published (Ref. 3). More accurate measurements over a wide range of 
field strengths are needed. However, the theory is not highly sensitive 
to small differences between ionization rates for electrons and holes so it 
appears reasonable to maintain the assumption of equal rates of ioni- 
zation. 

One set of data on ionization rates was obtained from the measure- 
ment of breakdown voltages in alloyed step junctions. A plot of Ez, asa 
function of W, is required to determine a; from equation (8). However, 
the areas of these particular junctions were too small to make accurate 
determinations of junction widths from capacity measurements so the 
data appeared as a plot of breakdown voltage Vz vs px where pn is the 
resistivity of the n-type silicon. The p-type side of the junction had 
such a high acceptor concentration that essentially all of the space-charge - 
region is assumed to extend through the n-type end. The plot of Vz vs 
pn 1s shown in Fig. 3 (Ref. 7). It is now necessary to transform this into 
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Fic. 3 The breakdown voltage Vz as a function of resistivity p of the n-type 
base of silicon alloy diodes. 


a plot of Hy vs W;. Since both the junction width and the resistivity de- 
pend on the net donor concentration, we can use the definition of W, the 
width at unit voltage, and that of the resistivity to yield for silicon 


W, = 144 xX 10° (oun) HK, (16) 
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where p, is the mobility of electrons in the n-type material. The only 
data available on mobility as a function of resistivity consisted of Hall 
mobility measurements (Ref. 8). These mobility values were uniformly 
reduced by 25 per cent to provide coincidence with the known electron 
drift mobility for high-purity silicon. The result is shown in Fig. 4. 
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"1a. 4 The mobility of electrons wD and the width constant W, for step junctions 
in n-type silicon as a function of resistivity. 


Combining this with equation (16) we obtain the relationship between 
W and py also shown in Fig. 4. The value Hz, the maximum field in the 
junction at breakdown, was obtained from equations (3) and (4) as 


Eg = 2(Ve + V.)%/Wi, (17) 


where V;, the built-in voltage, was taken as 0.7 v. The resultant plot 
of Ly as a function of W, is shown in Fig. 5. It should be noted that this 
is analogous to the relationship between breakdown field and plate to 
(athode separation obtained in a gas at constant pressure. Differentia- 
tion of the Hz/W, curve yields dW,/dE» which, inserted in equation (8), 
ives the ionization rate a; as a function of Zz. The values of «; so ob- 
(uined are shown as triangles in Fig. 6. This method of determining Es, 
presupposes that the onset voltage and the sustaining voltage for break- 
(lown are equal. Within the experimental error this is a valid assumption 
for these junctions. 

The use of breakdown voltage for these particular step junctions to 
obtain values of a, is open to some objection. A junction is never per- 
feotly uniform, so breakdown will always occur at a somewhat lower 
voltage than the averaged junction properties would predict. This will 
lend to yield values of a that are too large. A more serious objection 
is that no cheek could be made of the actual junction field distribution. 
Ii was assumed to be a step junction, but actually, resistivity changes 
have been noted in the n-type body as a result of junction forming. This 
probably means that the excess donor concentration is not uniform and 
(hat the maximum junction field is probably less than calculated. Con- 
sequently the remainder of the data to be presented here on ionization 
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Fic. 5 The maximum field in silicon step junctions at breakdown as a function 
of the width constant W1. 
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Fia. 6 The ionization rate a; as a function of field in silicon, a obtained from 
stop-junction breakdown data, © + obtained from linear-gradient mule 
tiplication data, & @@ obtained from step-junction multiplication data, 
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rates has been obtained from studies of the multiplication of injected 
carriers in the prebreakdown region. In all these cases the junctions 
were in grown single crystals. Careful measurements were made of junc- 
tion capacitance as a function of bias to ascertain the field distribution. 
The multiplication measurements were then made by injecting carriers 
by alpha-particle bombardment and determining the resultant charge 
transferred across the barrier as a function of bias. This technique has 

been described previously (Ref. 3). 
A typical multiplication curve is shown in Fig. 7 for a linear-gradient 
junction. The voltage scale has been normalized by dividing by Vz, the 
20 
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Via, 7 Multiplication curves.for a linear-gradient junction with the voltage scale 
normalized to the breakdown voltage for different temperatures, 
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breakdown voltage, as determined by the current-voltage characteristic 
of the unit. In this particular case Vg = 11.18 v at room temperature. 
In general it is not possible to distinguish between linear-gradient and 
step junctions solely through inspection of the multiplication curve. 
However, the field distribution can be determined from the capacitance 
data and then either equation (7) or (14) is used to obtain values for 
the ionization rate. Experimentally determined multiplication curves 
have been analyzed in conjunction with capacitance data for a number 
of junctions and the resulting values of the ionization rate are shown 
in Fig. 6. A few remarks about the properties of the different junctions 
studied are in order. 

The junctions represented by open circles and pluses were linear- 
gradient junctions, i.e., the capacity varied as the cube root of the ap- 
plied voltage within an accuracy of 2 per cent from one volt to the 
breakdown voltage. The junctions represented by crosses, solid circles, 
and solid squares were approximately step junctions. In plotting log 
(V4 + Vi) vs log C, a relationship V = KC~" would be obtained where, 


for various junctions, 2.0 <n < 2.2 instead of n = 2.0 for a true step © 


junction. In obtaining values of «, a step junction field was assumed 
for each value of the applied voltage together with the actual width 
measured at this voltage. The results so obtained did not differ signifi- 
cantly from those obtained by assuming an ideal step junction character- 
ized by a single width constant W,. 

After calculation of the results for each junction with several different 
approximations, it was shown that for fields of less than 500 kv/cm, the 
values for a; are quite consistent; the principal source of error lies in 
the determination of the appropriate value of the field. For example, 
the points shown in Fig. 6 for any given junction do not usually follow 
the averaged curve for a. It is believed that this is a consequence of 
the fact that the exact field distribution of any junction cannot be known 
in detail merely from capacity measurements. Thus there is some un- 
certainty as to what value of field should be associated with a given 
value of « and, for this reason, it is not possible at this stage to determine 
any significant fine structure in the field dependence of a. 


TEMPERATURE COEFFICIENT OF a. One significant parameter in any 
theory of breakdown is the temperature coefficient. In this section it will 
be shown that breakdown and prebreakdown multiplication measure- 
ments yield consistent and reasonable values for the temperature coeffi- 
cient of a; Neither the data nor the analysis is as extensive or as ac- 
curate as those presented in the previous subsection. However, its quali- 
tative importance warrants its inclusion at this time. 

The first significant observation is that the multiplication curve of a 
junction has the same temperature coefficient as the breakdown voltage. 
This is illustrated in Fig. 7, where multiplication curves are plotted 
against V/V» for a silicon junction at 25°C and —1382°C, At the lower 
temperature, the breakdown voltage had decreased from 11,18 v to 10,03 v 
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and the multiplication curve had shifted quite appreciably from the room 
temperature curve. However, with the normalized voltage as abscissa, 
the two multiplication curves are indistinguishable. Thus the tempera- 
ture coefficient of « can be determined either from breakdown data or 
from multiplication data provided the appropriate relationships are 
established. 

Pearson and Sawyer (Ref. 9) have shown that for certain silicon step 
junctions, the breakdown voltage varies linearly with temperature be- 
tween —196°C and 25°C. This behavior can be expressed in the form 


Va(T) = Va(To)[l + B(T — To)l, (18) 


where Vg(7o) = the breakdown voltage at room temperature 7’) and 
Vz(T) = the breakdown voltage at the temperature 7. For the junc- 
tion reported by Pearson and Sawyer, Vg(7'o) = 32.0 v and fp’ = 8.8 
x 107*/°C. It can be shown that the extent of the variation of the junc- 
tion width with temperature is usually negligible. Thus, neglecting higher- 
order terms in 8’, we have, from equation (4), 


Ex(T) = Ex(To)[l + A(T — To), (19) 


where Ez(T) = the maximum field at breakdown at temperature 7’, and 
6 = 0.58’. To derive from this the temperature coefficient of a; (Ref. 10), 
we let M — o in equation (5), differentiate with respect to 7 and then 
again with respect to Hz. By evaluating the differentials with the aid of 
equations (8) and (19), it can be shown that 


1 =| p {1+ [=] | 

a;LoT a; LOER at 0) 
where all quantities are evaluated at T = To. 0a;/d0Eg3 can be obtained 
by differentiating the curve given in Fig. 6 so that if 6 is known, we can 
determine da;/dT or vice versa. It should be noted that as derived, equa- 
tion (20) is applicable only to step junctions and is subject to the assump- 
(ions underlying equation (1). 

The first measurements to be considered are of the breakdown voltage as 
i function of temperature for three step junctions. These are shown in 
‘lable 1 and plotted in Fig. 8. Hg(7'o) has been obtained from Figs. 4 and 
h, (1/a;)(0a;/AT) has been calculated from equation (20). 

A second approach is that of the measurement of multiplication curves 
al temperatures other than room temperature. From these a; and hence 
(a;/8T can be determined directly. Measurements were so made on two 
linear-gradient junctions at —130°C and a; determined from equation 
(15). It was assumed that Aa,;/AT = da;/dT in calculating the latter. 
‘There is some question about the validity of this assumption for such a 
large temperature differential and the results, plotted on Fig? 8, should be 
accepted cautiously, particularly those for low field strengths. From these 
results, values of 6 could be calculated from equation (20) and these are 
alwo shown, It is interesting to observe that fairly close agreement is ob- 
tained with the values determined from step-junction breakdown voltage. 














160 PRINCIPLES OF TRANSISTOR DESIGN 


TABLE 1 THE TEMPERATURE VARIATION OF BREAKDOWN 
VOLTAGE OF STEP JUNCTIONS 








Va(To) | 1 da: 
a(Ts) |g (@q)-1 °C)" ar (| Ref. 
vo | Bah) | geo | BC) a OT 
7.5 1000 0 0 0 ab 
32.0 455 8.8 X 1074 4.4 X 10-4 | —21 x 107 e 
125 315 8.9 X 10-4 | 4.45 x 107-4 | —28 X 1074 a 
se cE cs Ne ee 
a See Ref. 7. 


> This value of 6’ has been determined after correcting for the temperature de-- 
pendence of V;, the built-in voltage. 
ec See Ref. 9. 


Finally, a set of measurements of breakdown voltage vs temperature 4 
for a linear-gradient junction was available (Ref. 11). This junction 
followed a relationship of the form given by equation (18) from 150°K to 
450°K with Vz(To) = 11.24 v and p’ = 6.7 x 10-4/°C. Since the field 
and voltage bear a different relationship in a linear-gradient junction from 
that in a step junction, we must use equation (11) to obtain the coefficient 
for the temperature variation of the breakdown field. Here B = %f’ = 
4.4 <10-4/°C. The maximum field in this junction at breakdown is 
490 kv/em. Thus the temperature coefficient of the breakdown field for 
this linear junction is essentially the same as that for a step junction 
operated at approximately the same field. If further measurements show 
that this is generally true, it means that the temperature coefficient f’ of 


14x 1073 





















TYPE OF JUNCTION TYPE OF DATA 3 
12 STEP BREAKDOWN 12 & 
4 LINEAR GRADIENT BREAKDOWN 2 
a, LINEAR GRADIENT MULTIPLICATION lio 3 
2 0 
E STEP © 
a 8 Ww 
ti © 
WW Ww 
rd 6 a 
i 5 
a a 
o . 
Q o 
- ~ 
° ° 


0 100 200 300 400 $00 600 700 800 900 1000 
E IN KILOVOLTS PER CENTIMETER 


Fia, 8 The temperature coefficient 6 (open points) of the breakdown field and 
(1/e))(Oa4/07') (wolid points) ax a function of field, 
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breakdown voltage is 50 per cent greater in a step junction than in a 
linear-gradient junction. That it is probably true is shown by the reason- 
ably good agreement obtained from data from multiplication in linear- 
gradient junctions and data from breakdown in step junctions. 

It is evident that much more data must be acquired before these tem- 
perature coefficient parameters can be considered to have more than 
qualitative significance. The behavior for fields greater than 5 x 10° 
v/em is certainly doubtful. It is probable that in this region, the basic 
assumption that @; is solely a function of EZ is violated. Consequently 
equation (20) is not applicable here. The large rise in temperature 
coefficient for very low fields should be further substantiated. Neverthe- 
less, the general consistency of the present meager data is quite en- 
couraging. 


BREAKDOWN INSTABILITY 


One feature of breakdown in silicon that has been noted by many 
observers is the frequent occurrence of a peculiar form of noise just at the 
onset of breakdown (Ref. 9). The noise sometimes appears “clipped”’ 
and has a rather uniform spectrum. This feature distinguishes it from 
the kinds of noise normally encountered in semiconductors which have a 
spectrum that varies approximately as the inverse of the frequency. The 
noise amplitude decreases as the breakdown current is increased although 
sometimes it goes through several maxima and minima until, at larger 
currents, it disappears entirely. The amplitude also decreases as the 
temperature decreases. These are known facts; to these must be added 
some detailed observations as follows. 

Vig. 9 is a sketch of a cathode-ray tube representation of some of the 
noise pulses observed on a silicon n-p junction just at the onset of 


CURRENT —> 
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Via, 9 Notse pulses of junction current at onset of breakdown in silicon traced 


from C.R.T. photograph. 


hreakdown. The traces represent noise pulses, each of which has trig- 
nored off the sweep so they all started at the same point. The junction 
was not irradiated or bombarded during these measurements. The ampli- 
fier input impedance was set at 100 ohms. This is orders of magnitude 
smaller than the junction impedance at this bias so the pulses really 
represent current pulses through the junction. The following facts are 
to be noted: 1) All pulses are in the same direction, 2) All pulses have a 
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leading edge and trailing edge whose widths are determined by the ampli- 
fier characteristic, i.e., both the onset and decay of the pulse take place 
in less than 0.02 psec. 3) The pulses are of various lengths but of con- 
stant amplitude. In the example shown, the current during the pulse 
corresponds to 50 wa and does not increase or decrease during the life 
of the pulse. By varying the sweep triggering bias it was shown that 
there were no pulses that did not have this current value of 50 pa. 4) 
Measurements on two other silicon junctions from the same crystal but 
of different cross-sectional areas yielded the same results with essentially 
the same pulse current within 10 per cent. This was also true of tests 
on several silicon step junctions. 

It is instructive to examine the variation of the pulse characteristics 
with applied voltage in a representative junction. For a voltage just be- — 
low breakdown and a junction current of about 10~7 amp, the pulses 
first appear. They are very short, <0.1 psec, and with an amplitude of © 
about 25 wa. An increase of about 0.05 v in applied voltage produces 
the characteristic 50 pa flat-topped pulse with an average length of about 
05 psec. No two pulses coincide, although the pulse lengths and the dis- 
tance between pulses both vary in a random manner. As the applied 
voltage is further increased, the pulse amplitudes increase slightly. 
However, the principal effect is a lengthening of the pulses and a reduc- 
tion of the time between pulses. Eventually the pulses are on most of 
the time, giving the appearance of short pulses in the opposite direction. 
By the time the pulses are on 90 per cent of the time, the pulse amplitude 
has risen to 80 pa. At this stage, a new set of pulses appears, of ampli- 
tude about 50 pa, and resembling the initial appearance of the first set. 
As the voltage is increased further, these go through the same evolution 
as did the first set. Further sets of pulses appear at still higher voltages 
and evolve similarly. 

Since the amplifiers do not pass de, it is possible to estimate, from the 
oscilloscope, the average de current flowing through the crystal solely as 
a result of the pulses. By suitable bookkeeping, it is possible to carry 
this up to the point where the first set of pulses is on all the time. Be- 
yond this one cannot go with reasonable accuracy since the steady cur- 
rent, corresponding to the first pulse set, will increase somewhat with 
voltage in an unknown way. Fig. 10 shows a comparison between the 
average current carried by the current pulses and the actual total de 
current through the crystal, as measured on a de ammeter. The agree~ 
ment between the two currents is well within the experimental accuracy 
and shows that essentially all of the current in the breakdown region is 
carried by the pulse currents and by no other mechanism. 

The interpretation of these observations is that the first set of pulses 
represents the unstable onset of breakdown in one region of the junction, 
Here, the breakdown is essentially bistable; it is either on or off. At thi 
delicate point it can be switched from one condition to the other b 
thermal fluctuations, However, as the voltage becomes larger, it prefers 
to remain on and eventually it stays on steadily, As another region 
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breaks down we go through a similar cycle. The increase of current in the 
breakdown region is then accounted for entirely by (a) the successive 
breakdown of various regions of the junction and, (b) by an increase in 
breakdown current with voltage for those regions that have broken down. 
The actual breakdown current in any region is probably determined by 
the boundary conditions and space-charge considerations which should 
be rather difficult to compute at the present stage. 
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ia. 10 Averaged current carried by noise pulses as a function of total de current 
in the breakdown region. 


Other observations tend to confirm this picture. As the temperature 
of the silicon is lowered, the pulses reduce in amplitude but increase in 
length, as does also the time between pulses. Thus, a reduction in thermal 
igitation tends to reduce the fluctuation rate of the discharge. This sepa- 
tates the different regions more clearly, so that the first set of pulses 
wompletes its life cycle before the second set starts, etc. This accounts for 
(he observation of the peculiar cyclic behavior of the noise as a function 
of breakdown current. Even more striking is the fact that in some step 
junctions, several slope discontinuities in the current-voltage character- 
\wtic have been observed in the breakdown region. Wilson has pointed 
out that separate groups of noise pulses have been observed at the onset 
of each slope discontinuity in a single characteristic. 


CONCLUSIONS 


Data from both the breakdown region and the prebreakdown multipli- 


sation region have been used to calculate ionization rates and their tem- 
perature coefficients, 


The resulta show sufficiently good agreement to 
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establish that, throughout the range studied, breakdown in silicon is a 
direct result ef multiplication by collision. The fact that the results ob- 
tained from different field distributions could be analyzed without ap- 
proximation to yield substantially the same results, appears to vindicate 
the underlying assumptions. Minor modifications of the assumptions 
may be required to account for the fact that values of a calculated for a 
given junction often exhibit considerable variation from the averaged 
values. However, it seems most probable that this is really due to a lack 
of detailed knowledge of the actual field distributions in these junctions. 
For fields above 500 kv/cm, the effective ionization rate levels off, and the 
temperature coefficient of the breakdown field decreases. It is probable 
that in this region, the ionization rate is a function, not only of the field, 
but also of the position of the charge carrier in the junction. In that case, 
the theory presented here does not apply and the plot of «; vs E in that 
region should be considered as nothing more than a convenient method of 
displaying the experimental results obtained from breakdown of step 
junctions. 

The above conclusions are substantiated by several other points. The 
temperature coefficient of the ionization rate has the proper sign to result 
from the effect of electron-lattice interaction and the magnitude is reason- 
able. The equations governing avalanche formation lead to instability 
at breakdown although they do not predict that such instability can be 
observed. The fact that instability is actually observed confirms the 
existence of a feedback mechanism rather than a smoothly increasing 
electron density with field as postulated in the Zener theory of internal 
field emission. Such instability has been observed in different junctions 
throughout the entire voltage range studied which indicates that th 
same breakdown mechanism is operative throughout this range. More 
over, the variation of breakdown field with junction width shows no evi- 
dence of a constant breakdown field even for very narrow junctions. 
This evidence suggests that internal field emission has not been observe 
at all in silicon. 
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8. These data were kindly supplied by F. Morin. 

9. G. L. Pearson and B. Sawyer, Transistor Technology, Vol. III, D. Van 
Nostrand Company, Inc., Princeton, N. J., 1958, Chap. 7B. 

10. I am indebted to P. A. Wolff who derived the relation between the tempera- 
ture coefficient of «; and that of HZ, for a step function as given in equation 
(20). This equation neglects one term involving the field dependence of 


8. This term can be shown to be completely negligible over the range that 
is considered here. 


11. These data were kindly supplied by G. L. Pearson. 


ADDENDUM 


Subsequent to the publication of the previous two articles (Sec. 4B and 
4C), the breakdown properties of silicon, and to a lesser extent germa- 
nium, have been studied in greater detail. P. A. Wolff (Ref. 1) per- 
formed a theoretical calculation of the ionization rate which is in reason- 
able agreement with the measured values shown in Fig. 6 of Section 4C. 
More precise measurements on silicon by S. L. Miller (Ref. 2) and 
A. G. Chynoweth (Ref. 3) have demonstrated that at a given field the 
ionization rate for holes is actually less than that for electrons, and 
separate ionization rate curves have been obtained which more or less 
bracket the earlier single curve. S. L. Miller (Ref. 4) has also derived 
separate ionization rate curves for germanium in which, at a given field, 
holes ionize more readily than electrons. 

The threshold energy for electron-hole pair production by electrons in 
silicon has been measured by A. G. Chynoweth and K. G. McKay (Ref. 
5) as equal to 2.25 ev, in close agreement with the value of 2.3 ev used 
previously by P. A. Wolff (Ref. 1), and in disagreement with the value 
of 1.5 ev obtained by S. L. Miller (Ref. 2). It has also been shown that 
inultiplication cannot occur unless the field exceeds 5 x 10* volts/em. 

Studies of the light emitted from silicon during breakdown by R. New- 
inan (Ref. 6) and A. G. Chynoweth and K. G. McKay (Ref. 7) have 
shown that avalanche breakdown occurs at discrete spots in what have 
been called “microplasmas.” They exhibit instability and give rise to 
the characteristic prebreakdown noise. A qualitative description of 
inicroplasmas with estimates of the dimensions, space-charge distribu- 
tions and current densities involved has been given by D. J. Rose (Ref. 8). 
Dislocations have been shown to be at least one factor determining the 
spatial distribution of microplasmas (Ref. 9). 

linally it has been shown by A. G. Chynoweth and K. G. McKay 
(Ktef, 10) that for very narrow silicon junctions, internal field emission 
occurs as originally proposed for germanium by K. B. McAfee, E. J. 
Ktyder, W. Shockley and M. Sparks (Ref. 11). 

This brief résumé is not all-inclusive but is intended merely to give 
the character and scope of the studies that have followed the publication 


of the two articles; “Electron Multiplication in Silicon and Germanium,” 
and “Avalanche Breakdown in Silicon,” 
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4D. SWITCHING TIME IN JUNCTION DIODES AND 
JUNCTION TRANSISTORS * 


ROBERT H. KINGSTON 


The time in which a junction diode may be switched from forward to re- 
verse conduction is of great importance in computing networks. By con= 
sidering the behavior of the minority carriers in a diode in a representa= 
tive switching circuit an approximate solution for the switching transient 
may be derived. The transient is separated into two phases: first, one of 
constant current, where the flow is limited by the external resistance, and 
second, a collection phase, where the current decays at a rate determined 
by the minority carrier lifetime and the dimensions of the diode. A criti- 
cal parameter in the solution is the ratio of the short-circwit reverse 
current to the forward current before switching. The mathematical treat- 
ment is a boundary value solution of the minority carrier diffusion equa= 
tions which is accomplished by the use of Laplace transformations. The 
duration of the two phases of current flow is determined for a planar 
junction, a hemispherical junction, and for a planar junction with june= 
tion-to-contact distance small compared to a diffusion length. The last 
treatment is extended to the junction transistor and the behavior of the 
collector current is calculated. The general results indicate that for a 
given minority carrier lifetime the last two of the three diode structures 
will give the smallest switching times. In addition it is found generally 


* Originally published in Proc. IRE, Vol. 42, May 1954. The research in this 
paper was supported jointly by the Army, Navy, and Air Force under contra 
with the Massachusetts Institute of Technology. 

The mathematical treatment was aided by the contributions of J. Keilson, 8. F, 
Neustadter, G, C, Hunt, and the computing group of the Lincoln Laboratory, 


especial value were the suggestions and encouragement of 2, Rawson, B, Lax, J. 8 
Thomas, and R, B, Adler, 
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that the tume is minimized by decreasing lifetime and increasing the ratio 
of reverse to forward current. 


INTRODUCTION 


In the use of junction diodes in computer-switching circuits the switch- 
ing time of the diode from forward to reverse voltage is of great im- 
portance. The problem may be represented as follows: In Fig. 1, a 
forward current, J,, is flowing in the diode; at time, t = 0, the switch, S, 





Fic. 1 Representative switching circuit. 


is thrown to the right. The switching time may now be defined as that 
time in which the voltage, Vp, reaches 90 per cent of the battery voltage. 


(The final static resistance of the diode is assumed to be much greater 
than Ro.) 


PHYSICAL MODEL (Ref. 1) 


lor simplicity, the treatment to follow is applied to a p-n junction 
where the conductivity of the p-type material is much greater than that 
of the n-type material. Practical embodiments of such a model are the 
luimiliar bonded n-type diodes and indium alloy-process devices. This 
limitation gives the qualitative picture of the carrier and potential dis- 
(ribution shown in Fig. 2. Here, the energy-band representation shows a 
forward current, J;, proportional to the negative gradient of the hole con- 
wontration at the right of the barrier. The electron density in the p-type 
material is negligible since op >> on and is therefore neglected. 

(liven the above initial picture of the junction, it is now necessary to 
wonsider the behavior of the system after t = 0, when the diode is 
switched into the reverse-biasing circuit. To anticipate the results it 
iy be stated immediately that the initial transient in the circuit will be 


4 constant current, given by V,/Ro. That is, for a reasonable length of 
(ime after switching, the voltage across the junction will be small com- 


pared to the battery voltage; therefore, the current will be completely 
ilotermined by the series resistance, 


(A practical circuit might have a 
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battery voltage of 20 v and a series resistance of 20,000 ohms.) It 
should be emphasized that the voltage across the junction (the “space- 
charge” voltage) does not change abruptly at t = 0; actually, it is a de- 
pendent function of the hole density at the barrier, which in turn is deter- 
mined by the flow of diffusion current across the barrier. If the term pno 
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Fig. 2 (a) Energy bands; and (b) minority carrier densities for forward biased 
p-n junction. 
















in Fig. 2(b) is neglected, the behavior of the hole density and space- 
charge potential may be represented as in Fig. 3. 

Between t = 0 and 77, a constant current, J, = V;/Ro, flows to the left 
across the barrier; the junction voltage is given by kT'/q In po/Pno plus 
a small ohmic contribution which is neglected. The hole density, po, at 
the boundary’may be determined as a function of time from a solution 
of the diffusion equation. (The dashed lines represent the functions 
used in the solutions below.) At or near 7';, the hole density approaches 
zero, V tends toward minus infinity and a new set of conditions now 
holds. These are that the hole density at the barrier is practically zero, 
therefore V is now much larger than k7'/q and the diffusion current is no 
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as a function of time. It might be noted that the electron current at the 
barrier is neglected throughout the treatment. This assumption is found 
to be valid since any electron flow must come either from the space-charge 
region or the p-type material. The former is unlikely since the space- 
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Via. 3 (a) Hole density; and (b) junction potential, during switching process. 


wharge current, J, = C dV/dt, is found to be negligible compared to the 
diffusion current, and the latter is ruled out by the high conductivity of 
(he p-type material. The remainder of the treatment is concerned with 
the mathematical solution of the diffusion equations subject to the bound- 
ary conditions. 


MATHEMATICAL TREATMENT (Ref. 2) 


Three cases are to be treated mathematically subject to the above 


longer constant, The behavior of the hole density is now calculated ac« 


oriteria, They are the planar diode, the hemispherical diode, and the nar- 
cording to this condition, (p(0) « 0), and J « —D dp/dx gives the current 


row-base diode, These are represented in Fig, 4 and discussed as treated. 
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(A) Pranar Diope. Planar junction with length of n-type material much 


greater than a diffusion length. (Fig. 4(a). W>>L,.) The diffusion 
equation : 
dp oP Pp 
oe Py a 
at ar? ty (1) 
may be rewritten to read 
dp ap 
ar ax? @ 
where 
t x 
T=— and X=—.- 
Tp Ly 


Since the initial distribution of holes at ¢ = 0 is a steady-state solution to 
the diffusion equation, a complete solu- 
tion may be found by adding to this 
a new transient solution. The over-all 
solution for the constant-current phase 
should satisfy the boundary condition 
that J(X = 0) is constant and equal to 
(—J,) = (—V»/ARo), where A is thi 
junction area. Now the current du 
to the steady-state solution is Jy; 
therefore, the transient solution shoul 
satisfy the diffusion equation and thi 
boundary condition that J(X = 0) 

(J; +J,). When this solution, whic 
we call p;(X, 7’) is subtracted from th 
initial steady-state solution, sketch 
in Fig. 3, required answer is obtained, 
since now J(X = 0) =J; — Jy +J,r) = —J;. By Laplace transforma 
tion method (Ref. 3): 


py = AE? x, VT) 


Pp 








Fig. 4 Junction models used for 
calculation. 


where 
a 2 F 2 2 2 
I(z, z) = —f enter de, 
Vr Jo 
I(O, z) = erf z 
and 
I(x, 0) =e. 


The diode voltage for 0 < T < T7 is thus given by 


and 
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of kT/q (0.026 v at room temperature) until a time very near T; when it 
decreases very rapidly to minus infinity. It is this low value of voltage up 
to T; which validates the assumption of constant current during the first 


q 
xt YY) 


4.0 





0.5 1.0 


‘¢ 
Fig. 5 Junction voltage during constant-current phase. 


phase of the diode transient. The time, 77, is found by equating the 
(ransient solution at X = 0, to the steady-state value of the hole density, 
Po, giving 


1 
fVT, = —— 5 
erf VT ia te (5) 
vince 
= DyPo 


J 
f iE 


(6) 


lor the remainder of the solution, the diffusion equation is solved subject 
‘0 the boundary condition that p(X = 0) = 0 for all 7, or specifically, 


~ py (0, T) is constant and equal to po. This gives 





ttle x _ ( 7) 
PII = b; E I X, 24/T 


0 
Ji = -p, (2) = J; [et VT + 
aX /xu0 





et 
al (8) 








Vor the complete solution of the problem, pyr when Jz; =. (J; + Jr) is 
amwumed to equal p; at 7’ = T;. Actually, the magnitude and slope of p; 
and pry at (X = 0) are set equal at the end of the constant-current phase. 
Vig. 6 shows the normalized functions from which it may be seen that the 
above approximation is reasonable, If the true diffusion current (Jz, — Js) 


kT po — pr(0, T) 
= — lpn ————_——_ 
Pno 


which is plotted in Fig. 5 for several values of J,/J/, As may be seen fro 
the graph the voltage acroas the space-charge region remains of the orde 


¥ 
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Fig. 6 The function py and pr, for the planar junction. 


Fic. 7 Junction reverse current after 7 = 7'7. 


is now plotted (Ref. 4) as in Fig. 7, the reverse current after T = T, is 
given by this curve starting at J = J,. The current previous to this time 
is, of course, J,, from T = 0 to T = T;. (Note that the time scale may be 
shifted in the two functions p; and p7r.) 
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where A = a/L,. Now the forward current is given by 


Beef) 
Jpn == (2 +1); (1) 


ws. ; : | evar nga erfc 
(B) HemisrHEricaL Dione. Semi-infinite n-type material. (Fig. 4(b).) te 4 


The diffusion equation in spherical coordinates becomes 





dus Ou 


ar amt“ “ 


where u = rp, R = r/Ly, and 7 = t/ry, The solution for the first ph 
is then 
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therefore, at R = A, the hole density becomes zero when pyz = Po OF 


: = é erf VT + =e E — ef U-47/4 erfe (<2)]-aa 
fidoee Wet =e A 











This relationship is plotted in Fig. 8, which also gives the storage time for 
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Fig. 8 Storage time, 77, as a function of A and J,/J;. 


the planar case if A is set equal to infinity. The transient solution for the 
decaying phase is determined as in the linear case giving 











R-A 

= I(R — A,«) —I are 13 
Pir = Po- | 1 20) ( = (13) 

and 2 
Fie ‘PPO * =) ae |: (14) 

Pp 
Subtracting J; from the above equation gives the net diode reverse current 
A oot 1 

J -h=775| {VT -1 oa" 15 
a 907 ee te (8) 


after use of (11), This is exactly the same equation as that plotted in 


Fig. 7, after multiplication by the factor A/(A + 1), and the method of 


determining the decay current is as in the previous solution, Fig, 9 shows 
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the general curve for the decay time during the second phase as a function 
of the current ratio, J;/J;, and the radius of the contact, A. = a/Ly. Here 
the decay time is defined as that in which the current falls from J, to 
10 per cent of J, This is the same time as that required for the diode- 
voltage to reach 90 per cent of the battery value. 
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Fic. 9 Decay time, 717, as a function of A and J,/J;. 


(C) Narrow-Baser Dione. Width of n-type material, W; lifetime assumed 
infinite. (Fig. 4(a). W<« Lp.) 

Here the boundary conditions will be slightly different than in the two 
preceding treatments. If the ohmic contact to the diode is assumed to be 
a sink for holes the hole density at x = W must be zero at all times. This 
in not generally true for all diode contacts but the calculation will be made 
on this basis since it is directly applicable to the junction transistor where 
(he collector junction is, almost by definition, a sink for holes. 

The diffusion equation may be modified to read: 

2 
ar _ #p a: 
8T 9X? 
where 7’ = Dyt/W? and X = 2/W. By the previous methods the con- 
slant-current phase solution is found to be 


(Jy fe JW (3) © (—1)"( ots e~ MT in+34)") 
D r ned (n + 4%)? 
sin (n+ %)(1 — X) (17) 





- 
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and the solution for the decaying phase with the hole density constant at 
X = 0, is 

Q 2 (—1)"e7"n* 


ps 


Tn=1 


J; 


Ww 
Pu = |1-x+ “sin en(t — X) |) (18) 


These solutions are similar to those plotted in Fig. 6 except that they vanish 
at X = 1. The net decay current at the barrier and at the collector or 
ohmic contact, (X = W), is plotted in Fig. 10. 





5 : 0.6 
° T 


Fic. 10 Net current flow during decaying-current phase (narrow base). 


The decay time 77, defined as before, is plotted in Fig. 11 with the 
constant-current phase time, 7. Also shown on the same plot is To, 
which is the time required for the collector current in a junction transistor, 
(Jz1(W) — Js), to fall to 10 per cent of J;, the initial collector current, 
after the emitter is switched from forward to reverse. The time, 7'c, in- 
cludes the time, 77, for the constant-current phase. For J,/J; «1, Tc is 
obtained from the equation 


2 oe 
Ji(W) = Wy + J7) E 7 se 


which is the transient current at X = W for the constant-current phase. 


enrr (n+)? 
(19) 


DISCUSSION OF RESULTS 


The calculations for the planar diode are seen to be a special case of the 
hemispherical diode with an infinite radius of curvature. Most interest- 
ing in the resultant curves is the rapid decrease of the storage times, 7’; 
and 77, with decreasing junction radius, It should be emphasized that 
these calculations really give an upper limit on the switching times, since, 
as the radius decreases, the current density, in practical cases becomes 
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transistor. 


so large that the recombination near the junction is no longer linear. The 
net result of this conductivity modulation should be a decrease in the 
effective lifetime caused by the large increase in majority carrier density 
required to neutralize the excess minority carriers. This does not mean 
that the optimum over-all design results are obtained with the smallest 
possible junction radius. It should be remembered that forward direction 
spreading resistance will increase not only with decreasing radius but 
also with decreasing lifetime, since effective radius for spreading resist- 
ance calculation is of the order of the junction radius plus diffusion 
length. 

The resultant curves for the narrow-base diode are quite similar to 
those for the linear diode except for the scale. The normalized param- 
eter, 7’, which was based on the lifetime in the first two cases is now based 
on the width of the semiconductor body, In fact, when considering the 
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junction transistor application, the time variable may be written as 
Dt D 
T= Ww = ~) at = th cot (20) 


where feo is the frequency cutoff for a as calculated from the diffusion 
equation (Ref. 5). In this connection, it should be ramembered that the 
To curves give the behavior of the current source al, while the actual 
collector voltage will also be a function of the collector impedance. Simi- 
larly, if the time constant of reverse emitter capacitence and circuit re- 
sistance is comparable to calculated switching time of emitter, solution 
is no longer accurate. 


CONCLUSION 


The voltage, Vo, across the diode in Fig. 1 will behave as shown in Fig. 
12(a), where the times indicated are shown in Figs. 8, 9, and 11. If the 


Oll¢ 





(b) 
Fic. 12 Switching transients in junction diodes and transistors. 


diode is the emitter of a junction transistor, then the collector current 
will behave as in Fig. 12(b) where 7 is given in Fig. 11. The ratio 
J;/J; is also equal to Vz/I;Ro. 


APPENDIX 


MATHEMATICAL MetHops. The solution of the difusion equation for 
the different boundary conditions was obtained by Laplace transforma- 
tion in the time domain and solution of the resultant ecuation by standard 
techniques. For the linear and hemispherical diodes :he appropriate in- 
verse transforms were found in Magnus and Oberhettinger (Ref. 6), and 


Hameister (Ref. 7). The transforms for the narrow-base diode are again 


in Magnus and Oberhettinger (Ref. 6). 
The integral of (3) may be written 


I(x, 2) = xe le erfe é _ :) — e erfe (= + :)|) 


8. F, Neustadter of the Lincoln Laboratory is reaporsible for this form, 
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4E. TWO-TERMINAL P-N JUNCTION DEVICES FOR 
FREQUENCY CONVERSION AND COMPUTATION * 


ARTHUR UHLIR, JR. 


Design principles for semiconductor diodes are derived from the analysis 
of idealized p-n junctions.. The analysis gives the superheterodyne con- 
version matrix and the large-signal admittance in terms of the small- 
signal diffusion admittances. 

Structures that minimize minority carrier storage give mimmum con- 
version loss under matched conditions in converting a high frequency to a 
low frequency, and are useful in logic circuits of computers. Examples 
are the emitter-base diode of a transistor and a small bonded or point 
contact, 

Amplification and improved power handling capabilities can be ob- 
tained in converting a low frequency to a high frequency, if the geometry 
Javors storage of minority carriers near the junction, Such structures 
can also be used as pulse amplifiers. 


* Originally published in Proc. JRE, Vol. 44, Sept. 1956. 

Discussions of these subjects with A. E. Bakanowski have been very helpful. The 
peoeadine for calculating maximum available gain was provided by R, M, Ryder 
wlore Transistor Electronics (Ref, 8) was published, The terms “up-converter” and 
“downeconverter” were suggested by M, C, Walts, 

Hupported by the Signal Corps under Contract DA 86-030 se 5589, 
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INTRODUCTION 


Frequency-conversion operations are of great importance in electrical 
communication. Information represented by a low-frequency electrical 
signal is usually converted to a high frequency for convenience in trans- 
mission. Conversion from a low frequency to a high frequency will be 
called ‘‘up-conversion.” At the receiving end, the high-frequency signal 
must be converted to a low frequency. Conversion from a high fre- 
quency to a low frequency will be called ‘‘down-conversion.”’ 

Semiconductor diodes are now commonly used as down-converters, but 
it can be predicted that they will find increasing use as up-converters 
as their full possibilities become realized through appropriate design. 
Amplification of the signal power is possible in up-conversion; diodes de- 
signed for this amplification will also have relatively good power 
handling capabilities. 

Device theory opens the way to mathematical design procedures for 
the circuitry. This is particularly desirable in microwave circuits, where 
cut-and-try methods can mean large expenditures in the machine shop. 
The theory teaches how to make measurements that are economical in 
time and equipment and easy to interpret. The hypothesis that micro- 
wave diodes are p-n junction devices is encouraged by plausible explana- 
tions of some of the empirical findings. 

In this paper, the concepts underlying p-n junction analysis are re- 
viewed briefly, along with the approximations appropriate to the “strongly 
extrinsic” case. As long as these approximations are valid, the conver- 
sion matrix for superheterodyne operation depends rather simply upon th 
small-signal admittances. The maximum available gains for a few ideal 
ized structures illustrate the range of performance to be expected fro 
p-n junction frequency converters. The pulse-circuit “turn-off” be 
havior of the idealized structures will be given. Equations for the ideal 


ized structures are in Appendix I of this article. Appendix II of thi 
article is a list of symbols. 


PRINCIPLES OF P-N JUNCTION ANALYSIS 


The definition of a p-n junction is: A piece of semiconductor in whie 
the fixed charge density changes sign. The fixed charge in “bulk” p- 
junctions consists of impurity atoms in the semiconductor crystal. How 
ever, fixed charges on the surface of a semiconductor, if opposite in si 
to the fixed charges in the bulk, can lead to p-n junctions with all th 
qualitative aspects of bulk p-n junctions. As far as is now known, th 
approximations to be used are just as valid for surface p-n junctio 
as for bulk junctions. 

As an example, though, consider the bulk p-n junction illustrated 
Fig. 1, The junction line is shown curved because nonplanarity of t 
junction can be of importance, On either side of the junction, impurit 
charges are revealed because holes and electrons are swept out of th 
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transition region. P+ is a symbol to indicate that the p region is very 
heavily doped with acceptor impurities, in comparison to the concentra- 
tion of donors in the n region. In such a situation it is usually found to 
be permissible to neglect the flow of electrons across the junction and to 





Fic. 1 Schematic diagram of n-p+ junction, showing space-charge region. 


vonsider only the hole current. This simplification is not essential to 
the analysis, but facilitates discussion without seriously limiting the gen- 
erality of the conclusions. 

The concentration of holes at the edge of the transition region depends 
in a nonlinear way upon the voltage drop across the transition region. 
This nonlinearity is responsible for frequency conversion in p-n junctions. 
To a good approximation, the holes meander at random in the neutral 
part of the n region; that is, they diffuse. Some holes are generated in 
the n region, others originate in the p+ region. Some recombine with 
electrons in the n region; others return to the p+ region. If a steady 
electric field is present, the diffusion equation may be generalized to take 
the field into account. 

The design of the diffusion region will be discussed in this article al- 
Most to the exclusion of some considerations which have been emphasized 
elwaewhere (Ref. 1). One of these is 
the displacement current across the 
junction, which can be represented by 
4 transition-region capacitance Cr. 
The series “spreading resistance” Rg 
between the junction and the metal 
eontacts is also important. Fig. 2 
shows how these “parasitics” might 
he treated as lumped elements in an 





Fic. 2 Equivalent circuit of diode. 


Approximate equivalent cireuit for the diode (in general, they must be 
treated as distributed elements), These parasitics vary noticeably with 
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operating conditions and act somewhat as frequency converters. But 
this action is much less than the frequency conversion of the “works” 
of the diode (the nonlinear diffusion admittance, denoted by a symbolic 
p-n junction), in the type of operation that is contemplated here. 


STRONGLY-EXTRINSIC APPROXIMATION 


Certain simplifying assumptions (instantaneous transition-region ac- 
tion, constant spreading resistance, constant transition-region capaci- 
tance, and the implicit assumption that the edge of the transition region 
does not move) tend to become more accurate as the impurity doping in 
both the p+ and n regions is increased. The assumptions may therefore 
be said to apply to the “strongly-extrinsic” case, which is of interest for 
two reasons. First, the strongly-extrinsic analysis is quite accurate for 
many practical devices and can be used in the quantitative design of de- 
vice and circuit. Second, quantitative studies of an idealized situation 
can be expected to give rise to qualitative concepts which retain some 
measure of validity in situations that depart from the ideal. 

What is perhaps the most important such concept will be developed 
with the aid of an idealization that goes beyond the strongly-extrinsic 
approximations: The spreading resistance and the transition-region capac- 
itance will be neglected. In other words, the symbolic p-n junction of 
Fig. 2 will be treated as if it were a circuit element with accessible ter- 
minals. The results of such an analysis set upper limits on device per- 


formance, since Rg and C7 can degrade this performance but, as long as. 


they are regarded as constants, cannot contribute any beneficial effects 
that could not be achieved with external passive elements. 

An approximation will be adopted that has been used with much suc- 
cess in analyzing p-n junction transistors (Ref. 2). The hole concentra- 
tion pr in the n region just at the edge of the transition region is given by 


PT = PNnre’, (1) 


where v is the deviation of the barrier voltage from its equilibrium value. 
Pn, is the equilibrium concentration, and 8 = q/kT. This relation is as- 
sumed to be instantaneous in comparison to the diffusion of carriers in the 
neutral region; thus, effects of the slowness of the diffusion process will be 
simply illustrated. 

The exact requirements for the validity of (1) are not known, although 
its limitations in the steady-state case have been discussed (Ref. 3). 
It is plausible that thinness of the transition region favors the assump- 
tion of instantaneous action. In this connection, it may be remarked 
that anything “instantaneous” invites the device designer to sacrifice 
some speed to obtain other more desirable properties. For example, a 
layer of high-resistivity semiconductor widens the transition region, 
thereby increasing reverse breakdown voltage and lowering capacitance, 
in p-intrinsicen power rectifiers (Ref, 4) and p-n-i-p transistors (Ref, 5), 
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The generalized diffusion equation is (Ref. 6) 


op Pp — PN = > 
oo ——— + DV*p — pV - (pE). (2) 
5 


The hole concentration is p; the diffusion constant D, mobility u, and life- 
> 


time 7 are for holes. It will be assumed that 7 and EF are independent of 
p and t, so that (2) is a linear partial differential equation. However, the 
equation may be resolved into separate equations for a de component of p 


zig 
and one or more ac components. If variations in tr and E make the de 
equation nonlinear, it is still possible that the ac equations, for a given dc 
bias, will be linear for moderately large ac values of p. 

One boundary condition arises from (1), which specifies the hole concen- 
tration at the edge of the transition region. For the other boundary condi- 
tion, it is prudent to assume that p-py is proportional to its own gradient 
on some surface. That is to say, the boundary is characterized by a “sur- 
face-recombination velocity”? which may be zero or infinite in the limiting 
cases of reflecting or absorbing surfaces. Then solutions for p-py may be 
multiplied by constants and added to each other to obtain other solutions. 

In (1), one starts with the instantaneous voltage. The calculation is 


a 
essentially completed by getting the instantaneous current density J from 
a solution of (2). Thus, 


F = —qD(¥p)r + qu(pE)r (3) 


where the subscript 7' indicates a quantity evaluated at the edge of the 
transition region. 

In frequency conversion, one is concerned with hole concentrations whose 
(ime dependence is given by 


p = py + pot Re DY pue™ (4) 


in which case (2) separates into equations of the form 


0 = —(jw + 1/r)py + DV?p, — 2V- (pL). (5) 


iy solving these equations and applying (3), one can calculate the com- 
plex current ¢, at each frequency. For any (P+)N junction, the current 
may be written 


fhe = AqDpor/Le (6) 


where por is the complex amplitude of the hole concentration at the edge 
of the transition region. The quantity L, may be called an effective diffu- 
wion length at frequency w, for the structure in question. Values of L,, for 
some ideal structures are given in Appendix I, In general 1, is a complex 
(quantity, 
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The admittance measured with an ac voltage small compared to kT/q is — 
called the small-signal admittance and is given by 


Y, = BAqDpnze?"*/L (7) 


where vo is the de voltage. It will be convenient to write the large-signa 


results in terms of Y,. 


LARGE-SIGNAL AC RESPONSE 


When an ac voltage comparable to or larger than kT'/q is applied to a 
p-n junction, the current is not proportional to the voltage. Appreciable 
voltages and/or currents will then be present at harmonics of the funda- 
mental frequency. The analysis of large-signal ac problems is compli- 
cated by the fact that the harmonic content is usually not given explicitly 
and must be determined from the properties of the p-n junction and the 
external circuit. 

Some insight into these problems can be had by considering special 
cases. The harmonics are said to be short-circuited if all the harmonie 
voltages are zero. Then 


v = V9 + Vy COS wl (8) 


with suitable choice of time zero. The Fourier expansion of (1) is then 
(Ref. 7) 


Pr = Pnre?"[Io(Bvs) + 211(Bv4) cos wt + 27o(8v,) cos 2wt + etc]. (9) 


The large-signal admittance is 


Y(vo, Vo) = 14/Vy = 2Y 4 (v0) Li (Bva)/Bvo (10 


in terms of the small-signal admittance for the same de voltage. For ordi 
nary diodes (as opposed, for example, to one junction of a transistor wh 
bias is applied to the other junction), (5) with w = 0 may be used to caleu 
late po. Then the de characteristic, as affected by the ac voltage, is 


io = I,[Io(6v.)e°” — 1] (11) 


where I, = A,Dpn7/Lo. Eqs. (10) and (11) may be regarded as di 
scribing the conversion to de of a signal at frequency w, or the slow modu 
lation of a carrier frequency w. In the first case, suppose v, is held con 
stant. Then the de output is fixed, according to (11). Also for fixed vy 
the in-phase ac current that must be taken from the source is then propo 
tional to the small-signal conductance G, and should be as small as possible, 
The best type of diode is called a variable-resistor in the discussion of p 
sible structures. On the other hand, slow modulation can best be accom 
plished by variable-capacitor structures, which will also be described. 
For the case of open-circuited harmonies, it is found that 


Y (v9, Ww) = Yu(vo) 
io = Ty{[1 + (Bry) *}e8% — 1}, 


and 
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The maximum value of Bu, compatible with open-circuited harmonics is 2. 
(The maximum excursion of the instantaneous voltage is not limited but 
must be built up out of harmonics.) 

For small values of 6v,, the nature of the harmonic terminations is not 
very important and (11) and (13) become approximately equivalent. The 
open-circuit de voltage is then 


vo ~ — 1460,” (Bv. <«K 1) (14) 


and provides a simple check, in small-signal measurements, that v, is in- 
deed small compared to 1/8. 


SUPERHETERODYNE CONVERSION MATRIX 


Superheterodyne operation is of great practical importance and lends 
itself to theoretical analysis because the signals are linearly related. 
The signals are treated as having arbitrarily small amplitudes and 
are applied to or withdrawn from the diode in the presence of a local- 
oscillator drive at angular frequency 6b. The local oscillator is re- 
garded as a power supply, not a signal. The signal (angular) frequencies 
are the upper sideband b + s, the lower sideband b — s, and the “inter- 
mediate” frequency s. When s is a much lower frequency than b, a down- 
converter results if the input signal is at frequency b + s or b — s and 
the output is at s. Microwave receivers usually contain such a down- 
converter. An up-converter can be used in a transmitter; the input 
would be at a low frequency s and the output is at either or both of the 
high frequencies. 

Superheterodyne conversion has been analyzed (Ref. 7) on the assump- 
tion that the instantaneous current is a function of the instantaneous 
voltage according to a relation of the form 


i = I,(e®” — 1). (15) 


The present objective is to assume only an instantaneous relation, (1), be- 
tween carrier concentration and voltage. The previous mathematical 
development can be used by making the substitutions 


t+I,; > PT 
(16) 
Ty — Ppnr-. 
‘Then the small-signal components of pr can be written 
Po+s In I Ie Vo4s | 
Ds =Bpwre” | I, Io Ih || - | 0 (17) 
po—e* ll at T I, I, Io Vp—2* 


The J’s are modified Bessel functions of the first kind; their argument is 
Avy, where v» is the zero-to-peak value of the local-oscillator voltage. 
The assumption underlying this expression is that the harmonics of the 
local oscillator and the sidebands of these harmonies are short-circuited, 
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Equations (6), (7), and (17) lead at once to the conversion matrix, 
from which the transmision properties of the converter can be calculated. 
One finds 








lo+s Yois 0 0 f Io qi I, | Vo+s 
1s = 0 Y; 0 : I, Io I, Vs : (18) 
tp—e* 1 0 D Fyne" Ip I, Io | ee 


Thus, the conversion matrix is the product of two matrices. For open- 
circuited harmonics, the Bessel function matrix in (18) is replaced by 





1 ¢€ O 
é 1+ & 
10 € 2 


where é = %Bvy. The effect of the series resistance R, and transition- 
region capacitance C7 is not included; it is a routine network calculation 
to do this for the signal frequencies. 

However, R, precludes exact short-circuiting of the harmonics. Open- 
circuited harmonics cannot be realized in practice, because of the transi- 
tion-region capacity Cy. An exact calculation is therefore quite tedious. 
But for any terminations of the harmonics, the conversion matrix for the 
symbolic p-n junction of Fig. 2 will still be a product of two matrices. 
The first matrix will be the diagonal matrix of the small-signal admit- 
tances—representing in a sense the linear diffusion process. The second 
matrix represents the nonlinear but instantaneous barrier action. If 
harmonic terminations are specified in terms of impedances, this matrix 
will depend upon the small-signal admittances at the harmonic frequencies, 
as well as upon the local-oscillator drive. If there are significant differ 
ences in the effective resistance in series with different locations on th 
junction (that is, if the equivalent circuit shown in Fig. 2 is not valid), 
each element of junction area must be considered as a separate frequency 
converter with a particular de bias and harmonic termination. 

To show what can, in principle, be done with p-n junctions, R, and Cp 
will be neglected. The maximum available gain (MAG) will be used as & 
figure of merit. The MAG is the ratio of output signal power to avail= 
able input signal power, for simultaneous conjugate matching of soureé 
and load. The concept of gain refers to a two-terminal-pair network; 
such can be made from the three-terminal-pair frequency converter by 
passive connections. For example, one of the sidebands can be short- 
circuited; this simple case was used in calculating the MAG’s quoted be+ 
low for the exemplary structures (the same results are obtained for open= 
circuited harmonics with one sideband open-cireuited). The method 
of calculating MAG and matching admittances for a two-terminal-pair 
active network is given in the literature (Ref, 8). 

The use of MAG as a figure of merit can be criticized from two essen 
tially opposite points of view, One is that the unilateral gain U is a mo 
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elegant measure of amplification (Ref. 9). The latter considers the use 
of passive reciprocal neutralizing circuits to eliminate feedback; the possi- 
bility that a frequency converter would have to be included in the neu- 
tralizing circuit makes U a less practical figure of merit for frequency 
converters than for single-frequency networks. Down-converters with 
MAG approaching unity have vanishing U, yet are highly desirable. The 
MAG and U are essentially equal for the up-converter structures that 
will be described, which shows that up-converter amplification does not 
rely on positive feedback. 

The opposite criticism is that possible gains obtainable through posi- 
tive feedback are overlooked in the use of MAG as a figure of merit. 
Since regenerative gains may be useful, particularly in narrow-band 
applications, this limitation on the conclusions should be kept in mind. 

At a level of abstraction corresponding to the rest of the present dis- 
cussion, all the noise in the symbolic p-n junction of Fig. 2 is shot noise. 
The author has developed the analytical machinery for calculating shot 
noise in superheterodyne conversion by p-n junctions. This work is in 
too preliminary a stage to be reported at present. However, it appears 


unlikely that the conclusions based on MAG will be greatly modified by 
noise considerations. 


EXEMPLARY STRUCTURES 


As far as device structure is concerned, the maximum available gain 
depends upon the relative values of the small-signal admittances at the 
various frequencies. This frequency dependence is determined by gen- 
eralized diffusion, which involves three processes: recombination, dif- 
fusion, and drift, in the order in which the corresponding terms appear 
on the right-hand side of (2). In the idealized examples to be discussed, 
recombination and drift will be neglected. 

Fig. 3 shows the frequency dependence of the small-signal admittance 
when an absorbing surface is placed a distance w from an (P+)N junc- 
tion (equations for this and subsequent figures are given in Appendix I). 
‘This situation can be realized in a transistor-like structure in which there 
is an ac short-circuit from collector to base. The admittance is for the 
omitter-to-base diode and is determined by diffusion of holes in the 
n region. In converting between two frequencies, both of which lie far 
to the left or low-frequency side of this plot, the MAG approaches unity. 
In this low-frequency range, the diode could be called a “variable re- 
sistor,” because its admittance is predominantly real and constant with 
frequency; the admittance varies exponentially with dc bias voltage. 

At higher frequencies, the MAG is the square root of the ratio of the 
output frequency to the input frequency. Thus, a moderate amount of 
“ain could be obtained in an up-converter, where the output frequency is 
higher than the input frequency. On the other hand, use as a down-con- 


verter in this region would incur a wholly undesirable loss of signal 
power, 
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The division between low and high frequency is determined by the 
width w. In the absence of the absorbing barrier, the ac diffusion cur- 
rent at angular frequency » would fall off exponentially in a distance 
VD/o. If w is much larger than this distance, the absorbing barrier will 
not be effective in producing variable-resistor behavior. To put the 
center of Fig. 3 at 10 kme would require that w be about 2 x 10~° cm 
(for holes in germanium or electrons in silicon). 
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Fig. 3 Frequency dependence of the small-signal admittance of a planar variabl 
resistor structure. 


Simple diffusion, together with an absorbing barrier, is involved in th 
variable-resistor structure of Fig. 3. Drift in an electric field also can 
lead to variable-resistor behavior, provided the electric field removes 
minority carriers from the junction. Electric fields accompany gradien 
in the concentration of fixed charge in semiconductors. Thus, variabl 
resistor action can be obtained in a (p+ )n junction in which the dono 
concentration in the n region decreases with distance from the junction, 
Recombination (short minority-carrier lifetime) also favors variable 
resistor action, but is not as controllable as the concentrations of donors 
and acceptors. Moreover, the recombination process can fail when it is 
most needed—injected carriers in sufficient numbers “swamp” the recom« 
bination centers. 

An opposite type of structure is illustrated in Fig. 4. A reflecting sur 
face is placed a distance w from a (p+)n junction. If the emitter and 
collector of a p-n-p transistor of base width 2w were connected together 
the plane of symmetry between the emitter and collector would 
equivalent to a reflecting surface, At high frequencies the reflecting sw 
face has no effect and the maximum available gain is the square root 
the frequency ratio, as before, At low frequencies, the admittance 
predominantly susceptive, The susceptance varies exponentially with d 
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voltage and for a given voltage is proportional to frequency. In this 
frequency range it seems appropriate to call the device a “variable capaci- 
tor” (Ref. 10). The variable capacitor has a gain equal to the ratio of 
the output frequency to the input frequency. Large gains are possible 
in up-conversion. Furthermore, the variable capacitor has the well- 
known advantage of reactance control of ac power: it does not dissipate 
in itself much of the power that it modulates. 
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lia. 4 Frequency dependence of the small-signal admittance of a planar variable- 
capaciter structure. 


At very low frequencies, even this variable-capacitor structure becomes 
& variable resistor, because of recombination. Hence, large but not in- 
finite gains are possible in going from de to a high frequency. 

A graded junction (one in which the fixed charge density increases with 
increasing distance from the junction) is a variable-capacitor structure in 
which drift, rather than diffusion, predominates (Ref. 11). Still another 
variable-capacitor structure is a p-i-n diode (in which the 2 region thick- 
ness should be less than / D/w) operated at biases such that most of the 
i region is essentially free of space charge—i.e., for forward biases or not 
very high reverse biases. 

Some features of common diodes can be explained with the help of 
lig. 5. It is the small-signal admittance of a hemispherical (p--)n junc- 
tion. At low frequencies, variable-resistor action is obtained even though 
recombination is neglected. The reason for this is that carriers that 
(liffuse a considerable distance from the junction have very little chance 
of finding their way back. They can go to infinity, if necessary, to re- 
combine. A high-frequency hole current, however, does not get far 
enough from the junetion to behave any differently than for a planar 
junction, 
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The results of this section can be summarized as follows. Variable-re- 
sistor behavior minimizes the loss in down-conversion and can be ob- 
tained by reducing minority carrier storage. Variable-capacitor behavior 
maximizes gain in up-conversion and requires that minority carriers be 
stored near the junction. 

These two kinds of behavior do not exhaust the possibilities of two- 
terminal semiconductor devices. The use of a p-n-p structure as a two- 
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Fia. 5 Frequency dependence of the small-signal admittance of a hemispherical 
variable-resistor structure. 


terminal negative resistance has been proposed (Ref. 12). Among other 
things, such a structure could provide local-oscillator power for the fre- 
quency conversion diodes that have been discussed here. 


APPLICATIONS TO PRACTICAL FREQUENCY CONVERTERS 


For frequencies below 500 me, extensive single-frequency experiments 
on transistors have confirmed p-n junction theory, so that there can be 
little doubt of the applicability of the frequency conversion analysis 
given in this paper. However, some of the most important applications 
of two-terminal devices involve higher frequencies, so that experimental 
evidence for p-n junction behavior at microwave frequencies is of par- 
ticular interest. 

Whatever the structure (cf. Figs. 3, 4, and 5), the theoretical MAG 
tends to Vwe/u, if both the input and output frequencies o; and we aré 
sufficiently high. With p-n junction up-converters possibly of this char« 
acter, conversion gains as high as 5.7 db have been obtained with a 7 
me input and a 6175 me output (Ref, 13), This result compares favor= 


ably with the theoretical limit of y6175775, or 9.6 db, for this type of 
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junction. A variable-capacitor junction could give up to 19.2 db gain 
in this situation. 

Another probable manifestation of minority carrier storage is “reci- 
procity failure” in germanium diodes. “Full reciprocity” and “weak rec- 
iprocity” have been defined as properties of the conversion matrix (Ref. 
14). According to the p-n junction conversion matrix (18), full rec- 
iprocity holds if the device is a variable resistor at all the signal fre- 
quencies, whereas variable-resistor action at the intermediate frequency 
s is sufficient for weak reciprocity. 

Particularly marked reciprocity failures have been observed for welded- 
contact germanium rectifiers made by H. Q. North (Ref. 15). These 
diodes probably correspond quite closely to the hemispherical junction 
shown in Fig. 5 and discussed under Exemplary Structures. A typical 
value of the radius a is 2.5 10-4 em. For frequencies less than 
D/2na? ~ 100 me, these diodes should behave as variable resistors. 
Thus weak reciprocity (within the usual errors of such measurements) 
is to be expected for ordinary intermediate frequencies. But the 10 kme 
conductance will be about 10 times the low-frequency conductance. The 
nonreciprocal conversion matrix obtained [from (18)] for such a fre- 
quency-dependent admittance can be shown to exhibit negative imped- 
ance to the low-frequency or high-frequency signals, for suitable passive 
terminations. The low-frequency negative impedance was observed 
directly. 

The welded-contact diodes were also observed to give conversion gain 
as down-converters. This result is not in contradiction to the result that 
the best MAG is unity in down-conversion by a p-n junction; it just 
shows that negative impedance gain has been excluded in the calculation 
of MAG. The bandwidth of down-converters with gain is doubtless quite 
limited. The theoretical conversion matrix provides a basis for relating 
gain and bandwidth. Experimentally, increased noise seems to be an- 
other penalty of this type of operation. It will be very interesting to see 
if a shot-noise theory shows this effect to be of a fundamental nature. 

In empirically optimized point-contact down-converter diodes, the 
higher the frequency, the smaller the point size. This result has previ- 
ously been attributed to the spreading resistance R, and transition-region 
capacitance Cr. The product wRsCz should be less than unity to avoid 
serious losses. For a 10 kme diode, this rule suggests a contact radius 
of 2X 10-8 em or less (Ref. 16). The apparent contact radius of such 
diodes is about 3 x 10-4 cm. A simple argument for the smaller point 
size is that an improved wR,Cr product makes tuning less critical. How- 
ever, it is interesting to see how this point size fits into the p-n junction 
picture, 

The first question in setting up a model of a surface p-n junction is 
whether the forward current consists predominantly of carrier injection 
from the bulk into the surface layer or vice versa. In the first case, the 
generalized diffusion of minority carriers will occur in the surface layer 
and will depend upon the little-understood properties of the metal-semi- 
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conductor contact which is a boundary of the surface layer. However, 
the contrary is true in one well-known example: transistor action in an 
n-type germanium point-contact transistor depends upon injection of 
holes from the surface into the bulk. 

If injection into the bulk continues to be of importance as the impurity 
density is increased from the values (10!*-10'® per cm*) used in transistor 
fabrication to the values (10!7-10'8 per em*) typical of microwave diodes, 
the effect of point size can be discussed with reference to Fig. 5. The 
figure pertains to a hemispherical junction, while the point contact is 
more nearly a circular flat area, but the principle is the same in either 
case. Variable-resistor action can be approached by making the contact 
small enough so that minority carriers that have been stored for an 
appreciable time, compared to the period of the frequency involved, have 
little chance of diffusing back to the contact. According to this argu- 
ment, it would be advantageous in detecting 10 kme to have a contact 
radius less than \/ D/w ~ 2 X 10-5 em for holes diffusing in germanium 
or electrons in silicon. Thus, the typical contact radius is too large to” 
insure variable-resistor action. One would expect a conversion loss of 
about 10 db to any intermediate frequency below 100 me, if minority 
carrier injection into the bulk were fully effective, in addition to losses 
from R, and Cr. Since conversion losses of 5 db are not uncommon, some 
mechanism must operate to reduce minority carrier storage. 

A postulate that has been used to explain the de characteristics is that 
current flow is not uniform over the contact but flows most readily at 
certain spots. Such spots could very well be small enough to give vari- 
able-resistor behavior. 

The field associated with the flow of rectified current through the 
spreading resistance may aid in removing minority carriers from the 
junction. Another possibility is that injected carriers recombine rapidly; 
little is known of minority carrier lifetimes (except that they are short) 
in the low resistivity materials used in microwave diodes. Low resistivity 
favors injection from the bulk into the surface; then variable-resistor 
action implies that the surface layer has the capability of annihilating 
minority carriers. 

The discussion of the point- -contact rectifier is inconclusive, largely 
because the structure itself is a matter of speculation. But it is clear 
from the experiments on up-converters that minority carrier storage is 
possible at microwave frequencies. Hence, a down-converter made by 
techniques for producing known impurity distributions should be designed 
to minimize minority carrier storage. 


PULSE CIRCUIT APPLICATIONS 


The variable resistor desired for down-conversion has little tenden 
to store minority carriers near the junction, The variable resistor the 
fore has good turnoff properties in logic circuits, A hemispherical jun 
tion of about 1 mil diameter should be a good enough variable resiw 
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for megacycle computing rates. Hence, it is not surprising that gold- 
bonded diodes have found favor. However, the planar variable-resistor 
structure of Fig. 3 has a “snappier” turnoff than the hemispherical junc- 
tion (neglecting recombination in both cases). Fig. 6 shows the transient 
current for these two cases, relative to the difference between the initial 
and final currents, for a sudden change in voltage. The behavior of actual 
diodes is, of course, considerably modified by spreading resistance and 
transition-region capacity (Ref. 17). 
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lia.6 Transient current in variable-resistor structures (relative to difference 
between initial and final currents) for a voltage step. For infinite minority 


carrier lifetime. (a) Hemispherical structure of Fig. 5; (b) planar structure 
of Fig. 3. 


Workers at the National Bureau of Standards have found that carrier- 
storage effects in diodes can be used to amplify pulses (Ref. 18). In this 
type of operation the diode acts as a time-division transistor—the same 
junction serves alternately as emitter and collector. Thus, the time- 
domain point of view makes it easier to understand how a diode that 
emphasizes carrier storage can give amplification. Variable-capacitor 
structures should be used in pulse amplifiers. An equation for the 
transient current of the structure shown in Fig. 4 is given in Appendix I. 
‘his transient current is infinite relative to the ultimate change in cur- 
rent, which is zero (since the initial and final currents for a variable 
capacitor without recombination are both zero). 


CONCLUSION 


Up-converters with gain and good power handling capabilities can be 
made with p-n junction diodes that store minority carriers within a dis- 
tance Y D/w from the junction. The same or similar types of diodes can 
be used as pulse amplifiers, 

Minority carrier storage should be minimized in diodes for down-con- 
version, just as in logic-cireuit diodes for computers. 

Time-domain concepts (e.g., ‘minority carrier storage”) are useful in 
deseribing and understanding the types of devices that are desirable 
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in these applications. On the other hand, the frequency dependence of 
the small-signal admittance characterizes computer diodes no less than 
frequency-conversion diodes. 


APPENDIX I 


Equations For Grapus. The frequency dependence of Y, is contained 
in Ly, which can be calculated from (2) and (3) for various boundary 
conditions. In the cases considered here, the current density is uniform 
over the area A; otherwise the calculation of Z,, requires a suitable aver- 
aging over the area. The graphs give 1/L, for zero bulk recombination; 
that is, for r = ©. 

To calculate L,, one first seeks a solution p, of (5), satisfying the 
boundary conditions. Then L, is gotten by taking the logarithmic 
gradient of p, at the edge of the transition region: 





1 V; 
ey -( ) (19) 
Le Pw /T 


+ 
where n is a unit vector normal to the junction and pointing into the 
m region. 

For the planar variable resistor shown in Fig. 3, 


1 1 1 
eee (ee gr coth @ jet Uf (20) 
Lu D D 


The variable-capacitor graph in Fig. 4 is based on 


1 lio + 1/z A ie 
—_—= —— tanh w _————— 
i D D 


For the hemispherical case of Fig. 5, 


1 1 qo + 1/7 
EN as ae Ey 22 
Le ay D (aay 


The transient current can be obtained from the admittance, or vice 
versa, with the aid of a table of Laplace transforms (Ref. 19). The tran= 
‘sient current can also be calculated directly from (2) and (3). For the 
planar variable resistor, 


aD 
si /Nep'= ta) m0 (0, ) Ls (28) 


where i(t) is the transient current, iy the final current, and ¢; the initial 
current; ¢ is the time after the sudden change in junction voltage and Oy 
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is a theta function (Ref. 20). The corresponding expression for the hemi- 
spherical case is 
a 
a(t) /[iy — 23] = ——=-: 24 
(t)/[ty Vabi (24) 
Equations (23) and (24) are for 7 = and are plotted in Fig. 6. 
The transient current for the planar variable capacitor with r = © is 


AgD Dt 
i() = SE PE (erste — errutryg, (0, =) (25) 
w w 
where v; and vy are the initial and final voltages. 


APPENDIX II 


List oF SYMBOLS. 


zero-to-peak complex ac current at angular frequency w 
absolute value of the reverse saturation current 
Io, I;, Ig modified Bessel functions of the first kind 
j v-1 
Jy hole current density at junction 
k Boltzmann constant 
L. effective diffusion length for holes at frequency w (in a given 
structure) 
MAG maximum available gain of a 2-terminal-pair linear network 
n type of semiconductor in which negative electronic charge 
carriers (electrons) predominate 
n unit vector normal to junction 
p concentration of holes (number density) 
pn equilibrium value of p in an n-type semiconductor 
pry value of p at the boundary between the neutral N region and 
the space-charge (transition) region 
p type of semiconductor in which positive electronic charge car- 
riers (holes) predominate 
p+ p-type material in which the hole concentration is much larger 
than the carrier concentration in some of the other regions of a 
given structure 
q absolute value of the charge of an electron 
R, series resistance of a diode 


a_ radius of spherically-symmetric junction 
A area of junction 
b  loeal-oscillator angular frequency 
Cr transition-region capacity 
D_ diffusion constant for holes 
E electric field 
G conductance 
2 current 
7 de current 
dey 
I, 
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11. 
12. 


13. 
14, 
15, 
16, 


_ H.C. Torrey and C. A. Whitmer, Crystal Rectifiers, McGraw-Hill Book Co,, 


. W. Shockley, B.S.7.J., Vol. 28 (July 1949), pp. 435-489. 
. M. Cutler, Phys. Rev., Vol. 96 (Oct. 15, 1954), pp. 255-259. 


. Shockley, op. cit., pp. 459 and 476. 
. Torrey and Whitmer, op. cit., Sec. 5.11. 
_ A. W. Lo, R. O. Endres, U. Zawels, F. D. Waldhauer and C. C. Cheng, 


. 8. J. Mason, Tech. Rept. No. 257, MIT Res. Lab. of Elec., 1953. 
. A p-n junction variable capacitor of another sort, based on the variation 


PRINCIPLES OF TRANSISTOR DESIGN 


s angular frequency of the low-frequency (“intermediate fre- 
quency”’) signal in a superheterodyne frequency converter 

S  susceptance 

t time 

T absolute temperature 


Ty subscript denoting that a quantity is to be evaluated at the 


boundary between the neutral n region and the space-charge 
(transition) region 
U_ unilateral power gain 
v deviation from equilibrium of the voltage across the transition 
region 
vo de value of v 
V. zero-to-peak ac value of v 
w_ width of n region in planar np+ structures 
Y, small-signal admittance (for specified vo) at angular frequency 
® 
y. large-signal admittance at angular frequency w 
8B g/kT = 39 volt—! at 298°K 
62, 03 theta functions (Ref. 21) 
uw mobility of holes 
£ 16v,, a parameter for the case of open-circuited harmonics 
7 lifetime of holes in n region 
w angular frequency 
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4F. NEGATIVE RESISTANCE ARISING FROM TRANSIT 
TIME IN SEMICONDUCTOR DIODES * 


W. SHOCKLEY 


The structural simplicity of two-terminal compared to three-terminal 
devices indicates the potential importance of two-terminal devices em- 
ploying semiconductors and having negative resistance at frequencies 
properly related to the transit time of carriers through them. Such nega- 
tive resistances may be combined with unsymmetrically transmitting com- 
ponents, such as gyrators or Hall effect plates, to form dissected amplifiers 
that may be made to simulate conventional three-terminal amplifiers and 
operate at high frequencies. The characteristics of several structures are 
analyzed on the basis of theory and it is found that negative resistances 
are possible for properly designed structures. 


1 NEGATIVE RESISTANCE AND DISSECTED AMPLIFIERS 


Because the drift velocities of current carriers in semiconductors are 
smaller than the velocities attainable in vacuum tubes, transistor struc- 
(ures must be smaller to achieve comparable frequencies. In principle 
it is possible, of course, to make compositional structures (i.e., distribu- 
(ions of donors and acceptors) in semiconductor crystals on a scale much 
smaller than is possible for vacuum tubes. At present, however, the 
available techniques are limited and it may require many years before 
(he ultimate potentialities are approached. 

It is instructive, however, to speculate on some of these ultimate po- 
(ontialities. For example, a grain boundary formed of edge type disloca- 
(ions is in a sense an analogue of a grid. Possibly it can be made into a 
urid by acting as a locus for an atmosphere of donors or acceptors. 
Hvidently such a grid will approach the smallest spacing that can be 
achieved with any known form of matter. If the spacings perpendicular 


. Originally published in B.S.7'J., Vol, 88, July 1954. 

The writer is indebted to a number of his colleagues for helpful discussions, and 
° me van Roosbroeck for the calculations for Fig, 7, and to R. C, Prim for Figs. 

and 0, 
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to the grid are made comparable to a mean free path of the carriers used, 
the device will operate like a vacuum tube with carrier velocities con- 
trolled by inertia rather than by mobility. It is not easy to conceive of a 
structure having the potentiality of operating at higher frequencies. 

It is evident that the difficulty of making small structures increases 
with the number of electrodes. For example, it is now possible to make 
diodes which give usable rectification at frequencies above 101° cps. In 
these the “working volume” is a very thin layer under the metal point. 
The thickness of this layer is controlled by surface treatments and the 
applied voltages. The diameter of the point, which is the minimum di- 
mension mechanically controlled, is much larger than this thickness of 
the layer. In order to make a transistor of comparable frequency, it 
would be necessary to make structural elements having dimensions com- 
parable to the thickness of the layer and this would be a much more 
exacting task than making the diode. 

These considerations point out the importance of giving serious con- 
sideration to two-terminal structures as amplifying elements. It is pos- 
sible, in principle at least, to have structures which are much smaller 
in one dimension than the other two and which exhibit negative re- 
sistance and thus give ac power at frequencies comparable to the 
reciprocal of the transit time across the small dimension. 

The attractiveness of such negative resistance diodes for amplification 
is enhanced by the possibility of using them in dissected amplifiers (Ref. 
1) in combination with nonreciprocal elements such as gyrators or Hall 
effect plates. Combinations of negative resistance elements and nonre- 
ciprocal elements can lead to structures having gain and unsymmetrical 
transmission that simulate conventional amplifiers. The adjective dis- 
sected has been suggested for them since elements giving power gain aré 
physically separated from those giving one-way transmission. 

In this article we shall not consider the possible forms of dissected 
amplifiers, of which there are a wide variety. Instead we shall give 
introductory treatment of some forms of negative resistance that may 
arise from transit time effects. In some cases the most instructive way 
of treating the structure is by way of the “impulsive impedance” and 
we devote most of Section 2 to considering this method. 


2 THE IMPULSIVE IMPEDANCE AND 
NEGATIVE RESISTANCE 


The impulsive impedance D(t) for a two-terminal device is defined in 
terms of its transient response to an impulse of current. Thus if th 
current through the device is 


J) = J +9, 
where J is the de current and 


J) = 0, 
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except very near t = 0 and 


fio a = 20, 
then the voltage is 


Vi) = V+), 
where V is the de voltage and 
v(t) = 6Q Dit). 


In other words, if in addition to the de biasing current, a charge 8Q is 
instantaneously forced through the circuit at time t = 0, the added 
voltage is D(t) per unit charge. These equations also serve to introduce 
the notation used in this article: 

Notation. In general, quantities that are functions of time or position 
will have the functional dependence explicitly indicated. In Sections 
4 and 5, however, the symbol 8 will be used to distinguish the transient 
parts 8£ and 8p from the de parts of the electric field and charge density. 

Capital V(t) and J(t) stand for total voltages and current. Without 
functional dependence upon (t) they are the de parts. Similarly v(t) and 
j(t) are the ac or transient parts. A sinusoidal disturbance is represented 
by 

v(t) = v exp tot, 


j(t) = j exp tat, 


where v and j are not functions of time. Where it is necessary to distin- 
guish the displacement current at a particular location from the conduc- 
tion current, as in the next section, we shall write 


J (D , So, t), 
meaning the displacement current across space-charge region S2 as a func- 
tion of time. 


In Section 2 we shall treat J and j as circuit currents. In subsequent 


sections, we shall be concerned with current densities and shall use the 
same symbols. 


The complex impedance of the device is evidently 


Zw) = v/j, 


where v and j are the coefficients in the sinusoidal case. 
In terms of the system of notation introduced above, Z(w) may also be 


expressed in terms of D(t) by expressing j exp iwt in terms of increments of 
charge 


dQ = je dt, 


and summing over all increments up to time ¢. This leads to , 


Z(w) = if “Dit exp (dwt) dt. 
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A negative resistance will occur if 


0 >f D(®) cos wt dt = (1/0) [ D’'(t) sin wt dt, 
0 0 


the latter form coming from integration by parts for the case of D(o) 
= 0, the only situation treated in this article. 

The use of D(t) in analyzing the potential merits of diode structures 
from the point of view of negative resistance is illustrated in Fig. 1. 





t—_ 


Fig. 1 Some hypothetical D(t) characteristics. 


Here three cases of D(t) together with certain cosine waves are shown, 
It is seen for case (a) that a negative real part of Z will be obtained. 
For case (b), the real part of Z is zero for the frequency shown; this 
represents a limit; for other frequencies, a positive real part will be ob- 
tained. Case (c) represents an exponential fall such as might occur for @ 
capacitor and resistor in parallel. We shall discuss this example below, 

The conclusions regarding (a) and (b) may be somewhat more easily 
seen from the corresponding —D’(t) plots shown in Fig. 2. From pa 
(a) it can be seen that the negative maximum in the sine wave at the 
end of the rectangular D(t) plot is particularly favorable. From part (b) 


(a) 
(DELTA 
FUNCTION) 


0 { 
Ww 
to 





te 


Fia, 2 The —D‘(t) characteristic corresponding to Fig. 1. 


it is seen that no choice of w will result in more negative area of #8 
wave than positive. For (¢) it is evident that each positive half cycle 
the sine wave gives a larger contribution than the following negati 
half eyele and hence that a positive resistance will be obtained, 
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For case (c), it is instructive to obtain the value of Z analytically by 
using 
D(t) = C7 exp (—t/RC). 
This leads correctly to 
Z(w) = (Ro + wwC)7. 


For small values of wkC, Z reduces to R; furthermore, for this case, the 
decay of D(t) occurs while cos wt = 1. Under these conditions 


Z(w) = a “DW dt. 
0 


This result is useful for estimating the effect of quickly decaying contri- 
butions to D(t). These evidently contribute a positive resistance to Z 
equal to the area under the D(t) curve. 

From these considerations it follows that an upward deviation from 
the linear fall in Fig. 1(b) towards Fig. 1(a) will result in negative 
resistance. In Sections 4 and 5 we shall see how particular structures 
may lead to such favorable, convex-upwards characteristics for D(t). 


3 MINORITY CARRIER DELAY DIODE 


As a first example we shall consider the behavior of the device shown 
in Fig. 83. We have chosen a p-n-p structure rather than an n-p-n so as 
to deal with positively charged carriers and thus avoid numerous minus 
signs in the equations. In this figure we have used capital letters P and N 
to designate specific regions, reserving the small letters to indicate carrier 
densities and conductivity types. 

Several features that simplify the theoretical treatment should be 
noted: 

(a) The P,N junction is 100-fold more heavily doped on the P,-side. 

(b) The doping in the layer N varies exponentially with distance by 
a factor of 10 across the layer. 

(c) Throughout N the concentration of holes is less by a factor of 10 
than the electron concentration. 

(d) The thickness of N is large compared to the depth of space-charge 
penetration into it. 

(e) The voltage drop across the space-charge region S2 is large com- 
pared to the other voltage drops. 

The conditions lead at the operating frequency to the following conse- 
quences: 

1) The current across the first junction is carried preponderantly by 
holes. ; 

2) The hole drift in N is substantially unaffected by the ac field and 
(hus represents the delayed diffusing and drifting current injected across 
the first junetion, 

8) The ac voltage drop occurs chiefly across So. 



























































202 PRINCIPLES OF TRANSISTOR DESIGN 
x; Xa 
KeW>te---- L -----> 





DENSITIES N AND 


1o'8 


© 

Zz 

o 

z 

ft 

D> 1017 
z '0 
ih 

Ee 

gD 

z 

w 

a 


ELECTROSTATIC 
POTENTIAL 





Fig. 3 Constitution of minority carrier delay diode. 


We shall show below (Section 3.2) how (a) to (e) lead to (1) to (3), 
but we shall first bring out the importance of (1) to (3) by using them 
give a simple treatment of the impedance of the diode. 


3.1 CALCULATION oF IMPEDANCE. If the total current is 


J(t) =J + je, (1 


then the ac hole current across S; is also in the notation discussed in Sec 
tion 2 with the addition of the symbol p to indicate holes 





JP; Si, t) ” on, 


This current flows through the n layer unaffected by the ac field and 
rives at Sp delayed and attenuated by a complex factor 


AB = |Blexp (10), 
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Because of the high field in Sg, the transit time there is negligible so that 
the hole current arriving at P2 is 


J(p, Saye"! = Bie". (4) 
In addition to this current, there is a dielectric displacement current in S2 


which is converted to hole conduction current in Pg. If the voltage drop 
across So is 


V(So, t) = V(Se) + v(Sa)e', (5) 
then the ac displacement current is 
J(D, Saye’ = iwC'gv(So)e"*". (6) 
Now the total current is constant through the device, hence 
J = J(p, S2) + j(D, 82) (7) 
J = twCv(S2)/(1 — 8). (8) 


If v(S2) is substantially equal to the ac voltage across the unit, then the 
impedance is 


which leads to 


Z = v(S2)/j = (1/twC2) + 18/wCe 


(9) 
(1/twC2) + (1/wC2)|B|exp a[(r/2) — 6]. 


Evidently if 6 > m and @ < 2z, the second term will have a negative real 
part so that the diode will act as a power source. 

If we neglect the ac electric field in N then 6 may be calculated in terms 
of the thickness L = x2 — 2, of the layer and the potential drop across the 
layer. This latter arises from the concentration ratio Nqi/Na2 between 
the two sides of VN. Since the donor charge density is neutralized substan- 
tially entirely by electrons, and since almost no electron current flows, the 
electron concentration difference must result from a Boltzmann factor (at 
10'7/em® Fermi-Dirac statistics are not needed) and this leads to 


AV, = (kT/q) In (Nai/Naz) (10) 
for the potential drop across N. In N the electric field is thus 
E = AV, /L. (11) 


‘The differential equation for hole concentration for a disturbance of fre- 
quency w is 
3*p 


op 
=iwp = —upH—+ D 
eae ea one dx? 


(12) 


This linear differential equation has two linearly independent solutions. 
These must satisfy at x, the left edge of the space-charge layer Se, the 
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boundary condition that the hole density is zero (Ref. 2). The appropriate 
solution is 


p= ef@t[ gk: (@—t2) rs efe(e—a2)] (13) 
where 2 ay 
Lk, = (ae = x1)ky = afl + (1 + ty) h (14) 
Lko = (ae = X1)ke a afl a (1 + ty) | (15) 
where 
a = gq AV/2kT, (16) 
y = 4wD,/v’, (17) 
U = bp = up AV/L. (18) 
The current is 
i(p, x, t) = q(up — Dy Op/dz) (19) 


and the ratio of currents at x; and x2, which is 6 by definition, is 
B = j(p, X2, t)/j(p, XA, t) 
Lk, — Lke 
~ Ki, exp (— Lhe) — Khe exp (— Lk:) (20) 
Q(1 + iy) *e% 
~ 1+ G+ ay) 4Jexp all + iy)# — [1 — (1 + iy) exp — a1 + ty)” 


The phase lag in 6 must exceed 180° or 7 in order to give negative resist- 
ance. It can be seen that this phase factor must result from the first ex- 





ponential in the denominator by the line of reasoning suggested below: — 


The real part of the exponent is larger than the imaginary part. Hence 
the absolute ratio of the two exponentials is at least 24. For this condition 
the second term in the denominator is negligible compared to the first. 
Hence the phase of equation (20) is determined largely by the first ex- 
ponential. As a helpful approximation we may neglect the second term 


d writ 
and write =A 2(1 + iy)” exp [a — a(1 + iy)4) 


(21) 
Lil + 4)" 
Two limiting cases are worthy of special note: 
(I) a — 0, uniform n-layer, y > ~. 
B= 2 exp —a(iy)” = 2 exp —(1 + 1)(w/2D) 41, (22) 
(II) avo, gAV/‘AT>1, y¥ 709. 
B = exp [—tay/2 — ay’/8}, (03) 


exp [—1i(wL/u) — (DL/u)/(u/w)’). 


These expressions may be interpreted as follows: In case (1), flow is by 
diffusion and the propagation factors ky and kg take the form <2 (a@/L) (iy). 


For this case attenuation and delay terms in the exponential are equal, and 





Chapter 4: DiopE DeEsicn PRINCIPLES 205 


the largest negative term occurs in Z when the phase angle is 57/4 (as may 
be verified by differentiation). This leads to 


B = 2(—1+4+ 1)2-“ exp (—5x/4) = 0.028(—1 + 2), (24) 


which gives 
Z = (1/wC2)(—0.028 — 71.028), (25) 


the impedance of a capacitor with a negative Q of 37. In order to make an 
oscillator by coupling this to an inductance, an inductance with a Q of 
more than 37 must be used. It is obviously advantageous to reduce the 
magnitude of the negative Q. 

For case (II) in its ideal form, the ac current simply drifts through the 
n layer without attenuation. This produces a phase lag of w times the 
transit time L/u. If this were the only effect involved, a capacitor with a 
negative Q of less than unity could be produced. In addition, however, 
there is attenuation due to spreading by diffusion. This effect is dependent 
upon the ratio of the spread by diffusion (DL/u)” to the separation of 
planes of equal phase in the drifting hole current. This latter separation 
is 2ru/w. The square of this ratio appears in the attenuation term in the 
second form of £. 

We shall estimate the effect of the attenuation term by taking 


ay/2 = 3x/2, (26) 


so that the desired phase shift is obtained. The attenuation term is y/4 
smaller than this so that if y/4 is considerably less than one, the attenua- 
tion in 6 will be small while the phase shift is correct. If we take 37/2 for 
the value of ay/2, then the value of y becomes 


y = 4wD/u? = 6rkT/q AV. (27) 


Thus the approximation on which (II) is based fails unless g AV/kT 
> 18, a value which implies an enormous range of concentration in the 
n layer. We must, therefore, investigate the case of gradients in the 
n layer by more complete algebraic procedures. 

We shall denote by —6, the phase shift in 6 due to the exponential in 
equation (21). The total phase shift @ is somewhat less since the algebraic 
expressions give a small positive phase shift of at most about 15°, which 
vanishes for large and small values of y. Similarly the attenuation of 8 
arises chiefly from the real part of the exponential since the absolute value 
of the algebraic expressions lies between 2 for y = 0 and 1 for y = ». 

It is instructive to express the real part of the exponent in terms of a and 
0,. This is done as follows: 


a — a(l + iy)* = —n — 764. (28) 
This can be solved for » and (1 + ty)”: 
n = (a? + 0,7)" — a, (29) 


(Lt ry) !* om (Cee? + 0,2) 8 + 10))/ex (30) 
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From there it is seen that for a fixed value of 6,, the attenuation can be 
greatly reduced by increasing a. Unfortunately, this requires very large 
changes in concentration. For example with 0; = 3r/2 and a = 4, the 
value of 7 is reduced to 7 = 0.414 6;. However, the value of potential dif- 
ference is 


qAV/kT = 3n, (31) 
giving 

Na/Naz = 10°. (32) 
For the case shown in Fig. 3, a = 1.15 and for 6, = 5/4 = 3.9 we obtain 


n = 2.95 = In, 19.5 (33) 


This is an improvement of about 1 factor of e in the exponential com- 
pared to having AV = 0. The value of 8 is 


B = 0.082 X exp (—7218°), (34) 
and this leads to 
Z = (wC2)~1(—0.05 — 71.065). (35) 


Thus at the operating frequency, the diode appears to be a capacitor with 
a negative Q of 21. 

Increasing the concentration change to a factor of 100, so that a = 2.3, 
gives 


n = 2.25, (36) 

B = 0.18 < — 220°, (37) 

Z = (wC2)1(—0.116 — 71.14), (38) 
= —10. (39) 


The calculations indicate that attenuation can be controlled to a 
considerable degree while maintaining the desired phase shift. 


32 JusrTiFIcATION oF CoNSEQUENCES (1), (2) AND (3). In germanium 
at room temperature the product np is about 10?7 under equilibrium con- 
ditions. At the first junction of Fig. 3 it is 10%", implying a forward bias 
(Ref. 2) of (kT/q) 2.3 5. In order to maintain this forward bias a 
flow of electrons must be furnished to N. There are several ways of ac- 
complishing this. In the first place, the reverse bias across Se draws a 
reverse current of thermally generated electrons from P2. This current 
can be controlled by controlling the lifetime and temperature in the Pg 
region. Alternatively, electrons may be injected into P2; some of these 
will diffuse to Sp and arrive at N. Still another means of controlling the 
bias across S; is to make contact to N itself. Since only the de bias need 


be controlled, the series resistance across N itself is unimportant; the 


source should be of high impedance. 
The decrease in density of 10* across the junction in carrier concentra- 
tion implies a potential difference of 9.2 (k7'/q). Most of this potential 


difference occurs where the carrier concentration is negligible, Hence 


the space-charge theory may be applied, Furthermore, the acceptor cone 
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centration is much higher than the donor concentration. Hence the 


space charge extends chiefly into the donor region and we may write 
(Ref. 3) 

AV, = (24qNa/x)W? (40) 
for the relationship between width W of the space-charge region and volt- 
age drop AV. 

If this voltage drop has an ac component, then a charging current will 
be required to change W. This current is determined by the admittance 
wC = wx/4rW (41) 

of the space-charge region. 
At the same time injected hole and electron currents flow across the 
junction. The admittance associated with the hole current is approxi- 


matel 
. Ae Gali (42) 


where gp; is the hole conductivity just inside the n layer (Ref. 2, 3). Actu- 
ally, as discussed below, the admittance is somewhat higher. 
The ratio of the admittances is 


| A | [seen aa: 
wl LK D Ka 








(43) 





|=" qAV_ ont | 
Kw kT = w,QNd 
For our example this expression is much greater than 1 as may be seen 
as follows: The first fraction is the ratio of the dielectric decay constant 
tow. This is 108 or more larger than w need be. The next term is about 10 
and the last term is the ratio of hole to electron density at a; and is 
about 10-?. Hence the ratio of impedances is about 10:1. 

We shall next consider why the expression for A for holes must be 
examined more closely. The admittance formula used above applies to 
the case of zero field to the right of the junction. The aiding field will 
increase the flow of holes into the n layer and raise the admittance 
somewhat. Correcting for this will increase A in respect to wC and will 
(hus strengthen rather than weaken the argument. 

Also in the expression for A, no account was taken of the transit time 
across the region W. If we assume a uniform field in this region for 
purposes of making estimates, then the solution of equation (20) may 
be applied. Since now wu corresponds to drift velocity due to 9kT/q of 
voltage drop across W which is much less than L in length, it is evident 
that y will be less by a large factor in this region compared to its value 
in VN, This leads to the conclusion that phase lags will be unimportant 
in this region. } 

We have neglected the effect of electron injection into P;. By the 
customary arguments for unsymmetrically doped junctions, it follows 
that this current is very small compared to the hole current. 

This justifies consequence (1), 
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Consequence (2) may be justified as follows: At 2 all the ac current 
j exp (twt) is carried by holes. If a pure drift case occurred, the hole cur- 
rent might be reversed at some point in the n layer and be —j exp (tt). 
Under these conditions the electron current would have to be 2j exp 
(tot). Under no conditions, however, will the electron current be larger 
than this. This maximum possible electron current will require an electric 
field and this field will also affect the hole flow. Since the electron con- 
ductivity is at least 10 times larger than the hole conductivity, the hole 
current due to the ac field will only be about 4% o of j at most. Thus the 
hole current is only slightly affected by the ac field. 

Consequence (3) follows from the fact that the reverse biased junction 
Se» has much higher impedance than S,;. SS; has higher impedance than 
that for hole injection into N. The impedance for hole injection into N 
corresponds to the hole conductivity in the n layer over a distance com- 
parable with the thickness of N. However, the impedance of N itself is 
that due to the much larger number of electrons in it and is thus much 
less than the impedance of S,. Thus it follows that the impedances 
across S, and across N are much less than across Se. This conclusion is 
not affected by the modification of impedance of S_ due to hole flow 
across it. 


3.3 Mopirications. The treatment presented above has been based 
upon the conditions (a) to (e). Some of these are advantageous from the 
point of view of operation but others have been introduced to simplify the 
treatment. Among the latter is the condition that the current across S; 
is carried chiefly by holes. If the current were chiefly capacitative at this 


junction, then the voltage would lag 90° behind the current. This adds — 


a desirable phase lag in the hole injection across S; and thus requires less 
phase shift in the n layer. By suitably adjusting the ratio of capacitative 
and inductive admittances, a net improvement in Q may be obtained. 


4 THE TRANSIENT RESPONSE IN A UNIPOLAR STRUCTURE 


In the previous section the electric field produced by the injected holes 
had a negligible influence on the motion of the injected holes. In effect 
this was due to the bipolar nature of the mode of operation considered, 
the majority carriers in the region N acting to shield the minority car- 
riers from their own space charge. 

In this section we shall deal with unipolar diodes in which only one 
type of carrier is present in sufficient number to have a major effect. In 
these the influence of the space charge of the carriers upon their motion 
plays an important role. 

Fig. 4 illustrates one example of the type of structure covered by the 
theory of this section. It is again a p-n-p structure like that considered 
in Sec. 3. However, in this case the dimensions, the donor density and 
the applied potential are such that the space charge “punches through’ 
the device (Ref, 4), Under these circumstances a condition of space- 


charge limited emission is set up so that holes are injected from the — 
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positive region P; to just such an extent that their flow is limited by 
their own space charge. This limitation is associated with the maximum 
of potential just inside N. ; 

The potential maximum is evidently a “hook” for electrons generated 
thermally in P2 and in N. Under some circumstances electrons may 
accumulate and form a layer in which there is no electron flow and hole 
flow is carried equally by diffusion and drift. Such stagnant regions will 
tend to be suppressed if P; is made of short lifetime material, so that 
electrons are siphoned out of N, or if p at the maximum is larger than p 
for intrinsic material and the lifetime is locally low. 


ELECTROSTATIC 
POTENTIAL 
—_ 





xX 


(b) 
Fig. 4 Space-charge limited hole flow. 


We shall treat the transient response of this structure of Fig. 4 from 
the point of view of the impulsive impedance discussed in Sec. 2. Ac- 
cordingly we suppose that a steady current J flows per unit area. At 

= 0 an added pulse of current occurs carrying a total charge of 8Q; per 
unit area, the subscript ‘%” signifying initial condition. Our problem is 
to determine how this added charge is carried by a transient disturbance 
in the hole flow and what is the resultant dependence of voltage upon 
time; by definition the added voltage across the device is 


v(t) = 6Q:D(0). (44) 


Since we are dealing with a planar model, we shall suppose that the initial 
condition at t = 0 corresponds to added charges 6Q; and — 6Q; on the metal 
plates on the P regions. These charges set up an added field 


bE; = 6Q;/K, (45) 
where 
K = re (46) 


in MKS units. The initial value v(0) is then simply 8Z; times the total 
width of the structure. 

The first effect, which takes place in a negligible time in respect to 
the frequencies involved, is the dielectric relaxation of the field in P, 
and Py. The added current due to 8#; leads to an exponential decay of 
52 in these regions with a transfer of 8Q, and —8Q, to the two boundaries 
of N, If Py and Py are thin compared to N, the resulting drop in v(t) is 



































210 PRINCIPLES OF TRANSISTOR DESIGN 


small. In any event it can be shown by the reasoning at the end of 
Sec. 2 that this contribution to D(t) adds simply the series resistance of 
P, and Pz, to the impedance. 


The next effect is the transport of 8Q; on the left side into N by hole flow — 


over the potential maximum. It will be easier, however, to discuss this 
process after the treatment of the transient effects that occur in N 
itself. Consequently, we shall at this point assume that after a time, 


short compared with the important relaxation time in the structure, the | 


disturbance of hole density is as shown in Fig. 5(a). 


Fig. 5(a) shows added charges +8Q; and —8Q; produced by a dis- © 


turbance denoted as 8p in the hole density. The charge —8Q; on the 
(c) 





: 
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Fic. 5 The initial stage and a subsequent stage of the transient. 


right side is produced by an increased penetration of the space charge 
into Py; it is similar to that produced by increasing reverse bias on a p-n 
junction. 

Fig. 5(b) shows the corresponding disturbance in electric field. This 
disturbance is denoted by 8# which is a function of z and t. Evidently 


L 
v(t) -{ bE (a, t) dz. (47) 
0 


and this is the area under the 8H curve. 

The other parts of the figure indicate qualitatively a subsequent stage 
in the motion and decay of 8p and 8#. Our problem is to formulate 
mathematically this decay process. We shall treat the decay process in 
terms of the effect of drift in the electric field and neglect the effects of 
diffusion. This procedure can be justified by the fact that as soon as a 
hole had reached a point where the potential has fallen by k7'/q below 
the maximum, its flow is governed by drift rather than diffusion and the 
predominance of drift continues to increase towards the right (Ref. 5), 

If drift in the field is the predominant cause of hole flow, then the 
equations governing the situation in N are 


J + &J = (p + dp)(u + du), (48) 


where the terms with 6 represent the transient effects and those without 


represent the steady-state solution, p « gp is the charge density of the 
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holes and u their drift velocity. The equation for the change of # with 
distance is 
K(d/dx)(E + 5E) = py + p + 4p, (49) 


where py is the fixed charge density due to donors and acceptors. (We 
neglect any effect of traps.) The steady-state equation for HZ is thus 


K (dE/dx) = py + J/u. (50) 


In a region where p; is independent of x, this equation may be reduced to 
quadratures by writing 


K dE/(p, + J/u) = de; (51) 


the left side is then a known function of EF through the dependence of u 
upon E. 

It is convenient to introduce a time-like variable s which is the transit 
time for the de solution. Evidently 


ds = dz/u = K dE/(pyu + J). (52) 


For the case of space-charge limited current, s may be conveniently meas- 
ured from the potential maximum. Even though the solution is invalid 
at that point, the integrals converge and the contribution from the region 
within k7'/q of the maximum is small. 

We shall assume that the equations for the steady-state case have been 
solved and that the functional relationships are known between £, x, v 
and s. 

The differential equation for 6 may then be obtained as follows: To 
the left of the pulse in 6p in Fig. 5(a), 6Z is zero. From equation (49) we 
have 


K 0E (x)/dx = 6p. (58) 
Integrating this from the region where E is zero gives 
K 5E (a, t) -f 5p(a, t) da. (54) 
0 


Kquation (54) states that the dielectric displacement at x is equal to the 
excess charge between the potential maximum and z. Evidently during 
the transient following Fig. 5(a), the rate of change of this extra charge is 

4J (zx, t) since the de current is flowing in at the left and an excess current 
J flows out at the right. Hence we have 


K 06E/at = —s, 


(55) 
= —(dpu + pbu). 
lor the change in drift velocity we may write 
bu = (du/dE) 6 = p* bE. (56) 


lor high electric fields u increases less rapidly than linearly with E and p* 
in lows than the low-field mobility (Ref, 6), For very high fields .* is nearly 
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zero and there are theoretical reasons for thinking that there may be a 
range in which y* is negative. We shall return to this point in the next 
section. 

In Fig. 6 we show a diagrammatic representation of the transient solu- 
tion. Each of the dashed lines represents the decay of 5H as measured in 
a moving coordinate system: Thus we consider 5£ measured at a position 
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Fic. 6 Graphical representation of the dependence of 6# upon time. 


x(8 9 + t); this is a position that-moves with the de velocity u. This 6E is 


evidently expressed in terms of 5F (x, t) by writing x = x(s9 + ¢): 
6E in moving system = bE p (So, t) = 5E [x(sp + 2), t]. (57) 
The differential equation for 6Z,, is 
(0/dt) SE, = (05H /dt), + (05H /dx), dx/dt, 
(d6E/dt), + (d6E/dx),u, 


(58) 
= —(u dp + p du)/K + (5p/K)u, 
= —(pu*/K) 5H = —»v dE, 
where the quantity 
v = pp*/m (59) 


is an effective dielectric relaxation constant being the differential conduc- 
tivity pu* divided by the permittivity K. 

Evidently » is a function of position x only and may be expressed as (8) 
through the dependence of x upon s. Thus we may write 


(0/dt) 5E'm (so, t) = —v(80 + t) 6Em (80, b) (60) 
which has a solution 
5E (80, t) _ bE m (80, 0) exp [—g(80 + t) + g(8o)], (61) 
where 
fight 
a+) =f vs) ds (62) 


The lower limit #’ is chosen for convenience so as to avoid singularities in 
0(#), Thin integration shows that 64, decays exponentially as the elec« 
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trical field would decay in a material whose dielectric relaxation constant 
changed with time just as v changes as observed on the moving plane. 

Fig. 6 shows on the dashed lines the decay of 5H, on the moving planes. 
Since 5E,, is zero to the left of the initial pulse in Fig. 5(a), it remains zero 
on all moving planes which follow the pulse of 6Qo. This justifies the state- 
ment made earlier. The solid curves labelled t;, t2, etc. show the spatial 
dependence of 65£ for times ¢;, ta, etc. after the charge 5Q, is added. 

The values of the transient voltage v(t) at time t,, for example, is the in- 
tegral under the curve t;. This curve is zero for x < x(t,) and for x > 2(t,) 


it is 
bE (x, ty) = (6Q;/K) exp [—g(s0 + 41) + g(s0)], (63) 
where 
x= x(s + 2). (64) 
If the total transit time across N is S so that 
x(S) = L, (65) 
then 
L 
v(t) -{ 6E (a, ty) dx. (66) 
x(t) 


'rom this expression we can derive the desired formula for D(t). For this 
purpose the integral over dz is replaced by an integral over s. At time ¢ 
the range of s is evidently from ¢ to S and dx = u(s) ds. From this we 


obtain: 
D(t) = v(t)/6Q;, 


(1/K) | exp [—g(s) + g(s — #)]o(s) ds. 


(67) 


From Fig. 6 we can see that there are competing tendencies in the decay 
of D(t) some of which tend to produce the desired convex shape discussed 
in Section 2 and others the concave shape. The effect of the dielectric 
relaxation constant is adverse and tends to produce an exponential decay. 
On the other hand the advance of the pulse of holes from left to right in 
lig. 5 proceeds in an accelerated fashion with the result that the range of 
xv over which 6Z is not zero decreases at an accelerated rate. If the dielec- 
tric relaxation were zero, this would result in the desired convex upward 
shape. 

The resultant shape of the D(t) curve is thus sensitive to the exact rela- 
tionship of the transit time and dielectric relaxation. This can be illus- 
trated by giving the results of analysis for a p-n-p structure, neglecting 
diffusion and considering » to be constant. The solutions of the de equa- 
tions are readily obtained for this case and have been published (Ref. 5). 
l‘or convenience we repeat them here: 


E = (J/ups)(e“ — 1), (68) 

(8) = pl K (upy)~*(e*! — at — 1), (69) 
L = 2(8) = (JK/ue?)(e - 8 - 1), i 
Bp = aa, 
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From these it is found that 


Ing(s) = (1 — e~*). (71) 
This leads to 
D(t) = (J/upy) [e? + e(at — B — 1)) 


= (J/up;”) D(B, at). 


For t = 0 this reduces correctly to L/K. ; 
Fig. 7 shows the resulting shape of the D curves with 6 as a parameter. 
Large values of 6 correspond to cases in which the hole charge density is 


(72) 


















































Fic. 7 Impulsive impedance for various values of 8B in p-n-p structure. 


small compared to p; and to relatively long relaxation constants. For 
them the desired convex upward shape results. 

Figs. 8 and 9 show the real and imaginary parts of the impedance ex- 
pressed in terms of Z(8, 6): 


Tr 
Zw) = A et D(t) dt 
0 


(KJ /upy*)Z(B, 9), 
6 = wT. (74) 


It is seen that values of —Q as small as about 10 can be obtained for 
B = 3. 

In the next section we shall consider modifications which may result 
from variations in »* and for changes in geometry. 

We must return to the question of how the charge +8Q, passes the 


(73) 


potential maximum, In order that the theory given above apply, it is: 
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necessary that the time required for 8Q; to enter the drift region be short 
compared to the transit time. At the potential maximum the charge 
density may be estimated by the methods previously dealt with in the 
theory of space-charge limited emission. Initially +8Q; appears to the 
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Fia. 8 Impedance of a p-n-p structure. Real part of impedance. 


left of the maximum and the field at the maximum is 5£;. This field will 
then relax with a relaxation constant of about wp(max) /K where p(max) 
is the hole charge density. Actually the relaxation may be somewhat 
quicker because the concentration gradient of the added holes also 
contributes to the flow over the maximum. Since the charge density at 
khT'/q below the maximum is comparable to that at the maximum the 
entire relaxation process will proceed at about this rate. Thus a criterion 
for the applicability of the theory is that K/up(max) be much less than 
S, the transit time or total decay time for D(t), 
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Fie. 9 Impedance of a p-n-p structure. Imaginary part of impedance. 


5 MOBILITY AND GEOMETRY EFFECTS 


5.1 Tue Errect or A Recion or NEGATIVE p*. In very high electric 
fields holes may be expected on the basis of theory to exhibit a negative 
value of u*. This theory (Ref. 7) is founded on the idea that a hole can 
lose energy to phonons at a certain maximum average rate Pmax. (Pmax 
is the stawkonstante of Krémer.) The holes probably achieve this rate 
when their energy is near the middle of the valence band. Under these 
conditions the power input from the electric field must be no greater 
than Prax: 

qEu S Pinax. (75) 
From this it follows that 


US Prmax/gH, (76) 


so that the drift velocity will decrease with increasing field at sufficiently 
high fields, 

Furthermore, if the width of the valence band is less than the energy 
gap, then a hole cannot acquire enough energy to produce hole electron 
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pairs. Thus in such a case, the negative resistance range should be 
reached before breakdown effects occur. 

In Fig. 10 we illustrate the general trends of the wu versus E curve, to 
be expected if the staweffekt occurs. As is indicated, the maximum drift 
velocity will be referred to as u». It occurs at a field Z,,. Since we are 
here concerned with principles rather than details, no attempt has been 
made to indicate the square root range in which wu is proportional to E%. 
This range has been observed by E. J. Ryder (Ref. 6) and shown by 
G. C. Dacey (Ref. 8) to control hole flow in space-charge limited hole 
currents in germanium and has been treated theoretically (Ref. 9). 
Dacey (Ref. 10) has also investigated the effect of the square root law 





Via. 10 Qualitative representation of drift velocity vs field as affected by 
staueffekt. 


upon the D(t) curves for the p-n-p structure of Section 4 and reports that 
the effects are so unfavorable that no negative resistance is to be 
expected. 

The staveffekt opens the attractive possibility of making negative 
resistance devices in which the current decreases with increased de 
voltage so that negative resistance will be exhibited over a wide fre- 
quency range. Unfortunately, when the boundary conditions are taken 
into account, it is found that a device in which most of the current flow 
occurs in a negative »* region does not necessarily show a de negative 
resistance characteristic. On-the other hand, such a structure may have 
a very favorable D(t) characteristic. 

We shall illustrate these conclusions by considering a (pt+)p(p*) 
structure having heavily doped ends, so that ohmic non-injecting con- 
(ucts may be made to the ends. Fig. 11 shows the potential distribution 
and hole distribution for two cases of applied potential. The first case, 
represented in Fig. 11(a) and (b), corresponds to moderate fields such 
that the peak velocity u,, is not reached. 

In the second case the voltage is so high that the average value of 
i = V/L exceeds the critical field #,,. Under these conditions wu is 
approximately equal to %, over a large part of the P region and a sub- 
stantial portion of the voltage drop occurs near one end. An increase of 
the applied voltage occurs chiefly at this end with a small increase in 
current, Thus no negative de resistance occurs, 
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Fig. 11 Hole density and aa distribution including influence of staueffekt. 


The above conclusions are reached by considering the differential 
equation for the space charge again as in Section 4 neglecting diffusion 
and starting with E = 0 at the left edge of the P region. This leads to 


de = K dB/((J/u) — pal, (77) 
where we have introduced 
Pa = —pp = —9Na (78) 
for the charge density of the acceptors. Evidently if J exceeds J where 
Jie = Patbins (79) 


the denominator is everywhere positive and x increases monotonically with 


E. If J is only a little larger than Jm, there will be a large region of x in 
which £ is nearly equal to Em. Outside of this region, Z increases much 
more rapidly with x. The relative scale of these distances may be esti- 
mated as follows: Suppose J is only a little larger than Jm, and consider the 


situation where E is about twice EZ, so that u is about one half of um. Then 


dx/dE = K/pa. (80) 


Under these conditions an increase of E by an additional E,, will require a 


distance 
Az = KEn/pa. (81) 


If this value is much smaller than L, then the situation represented in 
Fig. 11(c) and (d) will occur. On the other hand if L is smaller than 
Az, the region of space charge and high field will extend throughout 
most of the structure. | 

In any event equation (78) leads to positive resistance. This can be 
seen from the fact that increasing J always: means a decrease in 2 for 
the same value of Z and hence an increase in Z at all values of x and 
thus an increase in voltage at any fixed value of a, 

The above conclusion that a positive de resistance will be exhibited by 
a structure like that discussed above may also be reached by considering 
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the transient response. The theory of Section 4 may be at once applied 
to this case by simply taking account of the fact that v is negative for 
part of the structure and thus that 8Z,, increases with increasing s. 

In Fig. 12 we illustrate a structure to which these considerations may 
be relatively simply applied, at least in a limiting case. It consists of 
four layers, the two outer being p+ as before. Space-charge limited emis- 
sion then enters the intrinsic layer which is of such a width that at its 
right hand boundary the electric field has a 
value EH; that exceeds Z#,,. At this point the 
hole space charge is 


ps = J/us (82) 


where uz is u(H3). In the P region this space 
charge is compensated by acceptors to pro- 
duce a region of uniform field in which p* ing a Peto of unites 
negative. ¥ Are ; negative differential con- 
If the P region is wide compared to the I ductance. 

region, then the transit time through it will 

also be relatively large. As a consequence 8Q will be transferred quickly 
into the P region. From that time on 8£,, curves, like those of Fig. 6 
will show an exponential increase with time and also with distance since 
for this case of constant u in the P region, time and distance are linearly 
related. This will lead to a D(t) of the form 


D(t) = (us/K)(S — t) exp|u*p3/K | t, (83) 


where the absolute value signs emphasize that for this case of negative u* 
there is a build-up in time. This form of D is always convex upwards and, 
in fact, if 


Fic. 12 A structure hav- 


S|u*p3/K|> 1, (84) 


it starts with a positive slope at s = 0 so that the transient voltage 
actually builds up initially with time. 

Even an initially growing D(t) does not give a negative resistance at 
low frequencies, however. As shown in Section 2, the de resistance is 
simply the integral under the D(t) curve and thus will still have a posi- 
tive value. 


5.2 ConverGeNT Grometry. It is possible to obtain marked im- 
provement of the D(t) curves without the aid of the negative values of 
uw". This possibility is based upon convergent geometry. A possible case 
is illustrated in Fig. 13. In this case it is supposed that the field in the 
inner P region is so large that a substantial reduction in »* has occurred. 
As a consequence, the decay of field in this region is relatively slow. 
lurthermore, since both the de and transient fields are high in. this region, 
essentially because of the inverse square law, the principal contribution 
to D(t) comes from this region, These two factors—relatively slow di- 
electric relaxation near the center and principal contribution to D(t) 
from near the center--combine to give a D(t) characteristic which holds 
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Fic. 13 A convergent flow structure. 


up well until the pulse of injected holes reaches the inner region. This 
may result in a favorable convex upwards D(t) characteristic. 
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nized, because of the absence of an adequate appreciation of the importance 
of the boundary conditions discussed in this section. 

8. G. C. Dacey, op. cit. 

9. W. Shockley, B.S.7.J., Vol. 30 (Oct. 1951), pp. 990-1034. 

10. G. C. Dacey, private communication. 
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Chapter 5 


DESIGN OF JUNCTION TRIODES 


The basic theory of the transistor as an electronic switch is covered 
in the first two papers. This theory is extended to the specific design of 
switching transistors in the paper which follows. 

The Early paper takes up design theory more generally, with emphasis 
on transmission. 

The next paper by Early brings out the fact that the collector barrier 
region must lie largely in the collector rather than in the base region 
for optimum high-frequency performance. Pritchard’s paper describes 
the dependence of power gain on frequency for alloy and grown junction 
structures. 

M. A. Clark’s paper brings out the importance of collector barrier and 
base design in optimizing power output and efficiency rather than power 
gain. 

The last three papers make specific points concerning base-region de- 
sign. The first shows that the alpha of alloy transistors is dominated by 
surface recombination. The second takes up the effects of base-layer im- 
purity distribution on gamma and transit time. The last paper discusses 
the increase of alpha resulting from diffusion of majority carriers at high 
injection levels and the accompanying decrease of gamma with increasing 
conductivity modulation of the base region. 

Neither the variation of alpha with emitter current because of lifetime 
variations, nor the associated topic of concentration of emitted current 
near the base contact at dce- and low-frequencies is discussed. Recom- 
bination of carriers in the emitter barrier layer has been analyzed but 
(oo late for inclusion in this volume.t 

Specific design for IF and RF service, and for optimum noise figure 
in not taken up, although the latter topic is covered implicitly in Chapter 
10, The design theory of this paper is extended, to some degree, for dif- 
fused base transistors in Chapter 8 of Volume III. 


' See reference (1) in introduction to Chap. 4. 
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5A. LARGE-SIGNAL BEHAVIOR OF JUNCTION 
TRANSISTORS * 


J. J. EBERS AND J. L. MOLL 


In the consideration of the junction transistor as a switch there are three 
characteristics of primary interest, the open impedance, the closed im- 
pedance, and the switching-time. A generalized two-terminal-pair theory 
of junction transistors is presented which is applicable, on a dc basis, in 
all regions of operation. Using this theory, the open and closed im- 
pedances of the transistor switch are expressible in terms of easily meas- 
urable transistor parameters. For the ideal transistor these parameters 
are the saturation currents of thé emitter and collector junctions and the 
normal and inverted alphas. 

The transition of the transistor switch from open to closed, or vice 
versa, is discussed, including the effects of minority carrier storage. 
This transition can be expressed in analytic form in terms of the alphas 
and the normal and inverted alpha cutoff frequencies. 


INTRODUCTION 


Of all the electronic devices which may be used in large-signal or non- 
linear applications, notable among which is switching, the Junction tran- 
sistor seems to lend itself most easily to analysis. Whether the transistor, 
used as a switch, is in the on condition, the off condition, or the transition 
region between off and on, the behavior can be calculated with consider- 
able accuracy. In principle, only five parameters are necessary com- 
pletely to characterize an ideal transistor. These five parameters, on 


the other hand, are related to the structure of the transistor in such a — 
way as to allow a high degree of designability. In addition, junction ~ 


transistors can perform functions that cannot be done by any other known 


electronic device. An example is the junction transistor used as a non- ~ 


regenerative switch, that is, a switch which can be maintained in an 
altered condition only by the continued application of sufficient control 
signal or stimulus. The transistor used in this application can have many 
megohms impedance in the off condition and less than an ohm in the on 
condition. The actual de voltage across the transistor switch in the on 
condition can be as low as a few millivolts, Nonregenerative transistor 
switches can be switched from off to on, or vice versa, in times as low as 
a tenth of a microsecond with presently available transistors. The ratio 
of power supplied to a load to the power necessary to activate the switch 
can be several thousand. In the case of regenerative switches, that is, 
switches which can be switched from off to on, or vice versa, by the appli- 
cation of a trigger, the ratio of controlled power to controlling power may 
be factors of ten higher than for nonregenerative switches, 





“Originally published in Proe, 1M, Vol, 42, Dee, 1054, 
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The object of this paper is to present a theory which completely relates 
the large-signal behavior of the junction transistor to the familiar small- 
signal transistor parameters. The theory presented is applicable to all 
large-signal applications, switching being an extreme case since, in gen- 
eral, all three regions of operation are traversed. These regions have been 
defined by Anderson (Ref. 1) as follows: 


Region I: collector current cutoff or collector voltage saturation, 
Region II: active region, and 
Region III: collector current saturation, or collector voltage cutoff. 


In the analysis to follow, the de behavior will again be divided into these 
three regions. The descriptions of the regions of operation as given by 
Anderson can be applied to junction transistors as well as to point-contact 
transistors. Collector characteristics for a typical junction transistor are 
shown in Fig. 1. The boundaries of Regions I, II, and III are considered 


Ve Ie =O — I 







REGION REGION 
I 0 


SEERA te 






REGION II 


Fie. 1 Transistor collector characteristics, common-base connection. 


in greater detail in a later section. However, Fig. 1 shows that these 
three regions can be identified approximately by the following conditions 
(for n-p-n or p-n-p junction transistors) . 


Region I: emitter junction reverse biased and collector junction re- 
verse biased, 

Region II: emitter junction forward biased and collector junction re- 
verse biased, 

Region III: emitter junction forward biased and collector junction 
forward biased. 


In addition to a determination of the de behavior, the analysis will also 
be concerned with the transient behavior in switching from one region 
to another, The effects on switching-time of alpha frequency cutoff, col- 
lector capacitance, and minority carrier storage will be considered, 
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THE NONLINEAR EQUATIONS 


In the analysis of circuits which contain one or more nonlinear ele- 
ments, it is often possible to obtain a first order solution by studying the 
characteristics of the nonlinear elements and determining regions within 
which the characteristics can be assumed to be linear. Such a broken- 
line analysis has been carried through on point-contact transistors 
(Ref. 1.) 

A similar approach is often used when the circuits contain point-con- 
tact, semiconducting diodes. In this case it is assumed that the diode 
has a constant low resistance in the forward dircetion, and a constant 
high resistance in the reverse direction. In some cases, however, the 
nonlinearity is best described by analytic, nonlinear relations between 
terminal currents and voltages. For example, current and voltage of 
p-n junction diodes are related by the equation 


I = 1,(e”'*? — 1) (1) 


where kT'/q = 0.026 v at room temperature (25°C) and I, is the reverse 
saturation current. While p-n junction diodes have been made which 
agree with (1) over limited ranges of voltage, the relation (1) does not 
exactly represent the diode behavior in practice. However, deviations 
from the theoretical nonlinear behavior can be very nearly described 
over a wide range of variables by means of the addition of linear ele- 
ments in parallel or in series with an ideal (Ref. 2) p-n diode. A small 
parallel conductance accounts for the finite slope of the reverse character= 
istic, and a small series resistance accounts for the voltage drop in the — 
body of the semiconductor. Thus, the complete de behavior is given by 
the circuit of Fig. 2. For a typical germanium p-n junction diode R, is 


EQUIVALENT CIRCUIT OF 


P—N JUNCTION DIODE 
P—N JUNCTION DIODE 


Fig. 2 Junction diode representation. 


one to ten ohms and R,p is one to fifty megohms. This more complicated 
representation accurately represents the behavior of the junction diode, 

Analytical expressions can also be obtained for p-n junction transistors 
from which the gross nonlinear behavior can be determined, For a gen 
eralized junction transistor, such as shown in Fig, 3, these equations & 


In = ay (e0?H/*? — 1) + ayg(et*o/*? — 1) ( 


and 
To = gi(ot?H/*T — 1) + agg (ot*e/*” — Dy ( 


(wo-terminal-pair networks. 


however, and the nonbilateralism is taken care of b 
voltage functions in (2) and (8), Se ee ioe 
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These equations are derived in the Appendix for the case of a tran- 
sistor in which practically no restrictions are placed upon the geometry. 
The quantities ®,z and %¢ are the junction voltages. The positive sense 






He 
EMITTER -~ 
JUNCTION, J, 


_ COLLECTOR 
JUNCTION, Ja 


Fic. 3 Junction transistor, generalized geometry. 


of these voltages is a voltage drop from p material to n material. (For 
example, see Fig. 3.) The most important assumptions are as follows: 


1. That the resistivities of the semiconductor regions are low. 

2. That the injected current densities are low. (Assumptions 1 and 2 
insure that there are no voltage drops within the semiconductor other 
than those across the junctions, and that the emitter efficiency is not 
a function of emitter current.) 

3. That space-charge layer widening effects (Ref. 3) can be neglected 

4. That the emitter and collector junctions, separately, have current- 
voltage relations of the form given in (1). (In a large-signal analy- 
sis departures from the above assumptions are assumed to be negli- 
gible in comparison to the major nonlinearities. ) 


It is seen that the equations are similar to tho i 

Tt la se of ordinary coupled 
cireuits. Under all conditions of bias on the junctions the aie ote 
junction is due to two components—one due to the voltage across that 
junction and another due to the voltage across the other junction. In 


addition it is shown in the Appendix that even fo mo ers 
th 
geometry (Ref, 4), r the most general 


12 = 421. (4) 


Equation (4) is reminiscent of the condition for bilateralism in linear 
The transistor is obviously not bilateral, 
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The problem is to show that the coefficients 11, G12, de1 and dee (which 
might be called the four-pole a’s), which appear in (2) and (3), can be 
determined from the following transistor parameters: 


Ino = saturation current of emitter junction with zero collector current, 

Ico = saturation current of collector junction with zero emitter current, 

ay = transistor current gain with the emitter (Ref. 5) functioning as 

an emitter and the collector functioning as a collector (normal 
alpha), and 

a; = transistor current gain with the collector functioning as an emit- 


ter and the emitter functioning as a collector (inverted alpha). 


For the positive senses of currents shown in Fig. 3, Izo and Ico are 
positive quantities for n-p-n transistors and negative quantities for p-n-p 
transistors. This distinction is made in order that the derived equations 
be applicable to either type. The alphas in this paper are taken to mean 
the fraction of the emitter current which is collected and, hence, might be 
called de alphas. Only three of the above quantities are independent 
and in fact it will be shown that ayJz0 = alco. 

The four quantities ay, #7, Izo, and Ico are most easily related to the 
a’s if it is assumed in (2) and (3) that the transistor is operating in the 
linear or active region of its characteristics with a reverse bias across the 
junction functioning as the collector. Equations (2) and (3) become, 
for reverse collector bias, 


Ig = ay, (et##/*? — 1) — aie (5) 


and 


To = agi (e%?#/*? — 1) — agp. (6) 


Solving (5) for 
(eres!* — 1), 


and substituting this value in (6), 


I¢g = hy + Ca _ tn): (7) 


a1 11 





This equation shows a linear relation between emitter and collector cur- 
rent. It can be written as 


Io = —anlz + Ico, (8) 


where ay and Igo have the definitions previously given. It is interesting 


to note that, except for second order effects, the alpha of the transistor 


is theoretically a constant even for reverse values of emitter current. This 
has been found to be true for small values of emitter current if both 
junctions have rectification characteristics which saturate, Transfer 
characteristics for an n-pen transistor are shown in Fig. 4. This figure 


illustrates the constancy of alpha as a function of emitter current for 


low values of current, 


— 
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COLLECTOR CURRENT 
IN MICROAMPERES 





EMITTER CURRENT IN MICROAMPERES 


Via. 4 Current transfer characteristics of a j i : 
a junction tran . 
currents. J ransistor for small emitter 


If the emitter is reverse biased and the collector is used as the emitter 
the following equation is obtained 


ayj2 Aj424 
te 2104 (7 * — ays): (9) 
a22 A292 : 
l’or the inverted transistor an equation analogous to (8) can be written 
Ig = —ayIc + Igo. (10) 
Using (7) to (10), and comparing coefficients, the a’ 
pore As g s, the a’s can be evaluated and 
pieces ae 
1 — anay So 
Gite 
1 — ayay 2) 
ile arlco 
9p ia hi ae emo 
1 — ayay Me) 
anIp 
a, = + ees (14) 
1 — ayay 
Since dy2 = do, (Ref. 6), 
alco = anlgo. (15) 


Substituting the values of the a’s in (2) and (3) 





Ino a I 
a an tees etPeikT _ 4 CO  (gt@oikT x 
TON ( y+ ce, (ete! 1) (16) 
and 
I 
Tom TO (gteaitT — 1) = atte (et*oik? — 1), (17) 


| = ayay 1 = aya; 
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If these equations are solved for the exponential factors in terms of Iz 
and Ic 


—Igo(et##/*" — 1) = Ig + ale (18) 
and 


—Ico(et*e/*? — 1) = anlg + Ic. (19) 


This latter set of equations is more useful for the solution of some non- 
linear problems than is the previous pair. It is apparent that one of the 
four measurable quantities in either set of equations can be eliminated 
by the use of (15). 


EQUIVALENT CIRCUITS 


Equations (16) and (17) describe the de behavior of junction tran- 
sistors provided the assumptions made in the analysis are satisfied. How- 
ever, the addition of linear circuit elements to an ideal (Ref. 7) tran- 
sistor account for many of the departures of practical transistors from 
the assumptions. The principal departures of practical transistors from 
the ideal case are: 


1. The reverse characteristics of the junctions have a finite slope. 
2. The semiconductor regions have finite resistivities, resulting in trans- 
verse voltage drops. 


3. The alpha is not constant, being a function of both current and 
voltage. 


Applications of (16) and (17) will be made separately to each large- 
signal region of operation, making suitable approximations and adding 
linear circuit elements when needed to modify the ideal equivalent cir- 
cuit to account for the behavior of practical transistors. 

In Regions I and II, as discussed in the introduction, the collector 
junction is reverse biased. If the reverse bias is greater than a few 
tenths of a volt, (16) and (17) become 


I T 
Ip = - = (efeelk? _ 1) — see (20) 
1- aNQl 1 — anyay 
. I 
iw + Ss (ee = wh (21) 
1 — anay 1 — ayay 


Equations (20) and (21) apply whether the emitter is reverse biased or for= 
ward biased, and hence apply to both Regions I and II. Equations (20) 
and (21) can be simplified as follows: 
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Fig. 5. In this cireuit base resistance, rg, and collector and emitter junc- 
tion leakage resistances, rot and rgz, have been added to account for the 
finite resistivity of the semiconductor and the finite junction conductances. 


(ate 
leo kT 
1-6, X& 


I Onle 





Arle 


Th 


b 
Via. 5 Equivalent circuit of junction transistor valid in Regions I and II, and 
the small-signal equivalent circuit. 


l’or small, low-frequency, ac signals, this reduces to the equivalent circuit 
shown at the bottom of Fig. 5 where 


kT 
eas q 0.026 : 
=. FE 4 
Izo(1 — ay) Izo(1 — ayn) (24) 
Iz — ———————_ Iz — ——————_ 
1 — ayayz 1 — ayar 


The boundaries of the three large-signal regions are of particular in- 


lerest since the transistor properties change very rapidly when the oper- 


ating point approaches a boundary. There exists some choice as to which 
characteristic is used to define the large-signal regions. 


Since the 
sili th Izo geen (1 — an)Iro rounded base collector characteristic is the most widely published, it 
1 oe lataihia Salata will be used for this purpose. It is convenient to define the boundary be- 


and 





tween Regions I and II as the curve for Jy = 0. However, it is true that 
the transfer characteristic is relatively constant even for reverse values 
of emitter current, The “low current’ boundary of Region I is of course 
4 limit to possible quiescent operating points for the transistor, Mathe- 


Iq = —anln + Ico. 
Equations (22) and (23) lead to the equivalent circuit shown at the top o 
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matically, this boundary is obtained by assuming a large reverse bias 
on the emitter, and is realized practically by application of a few 
tenths of a volt reverse bias. The transistor has its smallest conductance 
in the collector circuit when the emitter has at least a few tenths of a 
volt reverse bias. The currents under this condition are 


Igo(1 — an) 


Foes (25) 
al — anal 
Ico — 
oe Tco(l = a1) | (26) 
1 — anay 


As a typical example, assume that for a given transistor ay = 0.9, a = 
0.45, Ico = 2 pa and Igo = 1 pa (actually only three of these quantities 
need be specified). Provided the leakage resistances are negligible, the 
currents that will flow then under the condition of both junctions being 
reverse biased are, Ic = 1.85 pa and Ip = 0.17 pa. In this case it is seen 
that the sum of the two currents is approximately I¢o. 

In terms of the grounded base collector characteristics, the boundary 
between Regions II and III is at Vo = 0. 

In Region III both emitter and collector junctions are forward biased. 
The collector and emitter are such low impedances that the currents are 
determined by the external circuit and it is most convenient to consider 
the currents as independent variables. By this same argument the volt- 
ages across the two junctions are seen to be the unknown quantities. 
These voltages can be obtained from (18) and (19) 


kT I I 
oy = Tn [- FE 41], (27) 
q Tro 
and kT Peta 
a E 
oc = in [- SE + 1]. (28) 
q Ico 


It should be recalled from the definitions of @g and &c¢ that they are the 
voltage of the p material relative to the n material. Hence these equations 
apply for both n-p-n and p-n-p transistors. For any reasonable values of 
Ig and Ic in Region III, these equations become 


kT I I 
6, =n | - 2 ‘| (29) 
q Tro 
and kT be aeel 
b= Tin | - 24 tl. (30) 
q Ico 


Equations (27) and (28) lead to the equivalent circuit shown at the 
top of Fig, 6. Base spreading resistance rar has been added in this cir- 
cuit, ‘This resistance is the base resistance as measured in the current 
saturation region, For nonsymmetric transistors this resistance may be 
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Fic. 6 Equivalent circuit of junction transistor valid in Region III. 


as much as a factor of ten smaller than base resistance measured in the 
active region. This results from at least two factors: 


1. mM Region III the center of the emitter junction is not biased as far 
in the forward direction as is the outer edge of the emitter and 
hence, the emitted carriers come from the outer portions of the 
emitter, and 

2. A large part of the base current actually comes from current that is 
emitted by the collector since it is forward biased. 


In the circuit at the bottom of Fig. 6 resistances rz, and rc, have been 


added to account for the body (volume) resistance of the emitter and 
collector regions. 


GROUNDED EMITTER AND GROUNDED 
COLLECTOR OPERATION 


A large part of the discussion up to this point has been concerned with 
grounded base operation in that emitter and collector currents have been 
vither the dependent or independent variables. In this section grounded 
omitter operation will be considered. Fig. 10(b) illustrates a grounded 
omitter cireuit which might be used as a switch or pulse amplifier. The 
impedances in the open (emitter cutoff) and closed (current saturation) 
vonditions are of interest. The problem is relatively easy in that the 
equations already available need only be rewritten in terms of the base 
current, The positive sense of the three currents is defined as bein 
into the transistor, hence . 


Ig + In + Io = 0, (81) 


<< ——“CSCO™”™C™C—SSO—S—( — +>. 
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Using this definition and (16) and (17), it can be shown that 
I 
Sp = 1): (32) 
1 —an 1— ay 


Ic=+ 





This equation is valid in all regions of operation. The voltage drop be- 
tween collector and emitter in Region ITI, neglecting rz, and rcv, can be 
obtained from (29) and (30). This voltage drop expressed in terms of base 
and collector current is 





Vor = (+)(€c — 2) 
wi) 
= (+)—hn aa. (33) 


Ic 
1+—(1 — ar) 
Ip 


In (33) the (+) sign applies to p-n-p transistors and the (—) sign to 
n-p-n transistors. 

Equation (33) gives the voltage drop across the transistor switch in 
the “closed” condition. Since kT/q = 0.026 v at room temperature, this 
voltage can be as low as a few millivolts. As the collector current ap- 
proaches ay/(1 — an)Jz, the voltage in (33) approaches infinity, and the 
transistor goes from Region III into Region II, which is exactly as 
would be expected. 

Measurements obtained of the variation of Veg with Ic/Is for sym- 
metric transistor are shown in Fig. 7. For the calculated curve, ay and 
a, were measured over a wide range of values of Iz and Ic, respectively. 
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Via, 7 Voltage drop across a transistor awitch as a function of load current, 
Symmetrical transistor, 
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0.70 
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CURRENT IN MILLIAMPERES 


Kia. 8 Variation of the de alph : ‘ 
lente c alphas as a function of emitter current for a symmetric 


‘These data, shown in Fig. 8, were obtained by measuring the ratio. 
Ic 
ayn =—: (Voce = 0) 
or Te 


Iz 
Oi ne (Ves = 0). 
c 


re ae in ay and a, were included in the calculations. 

- rie . measurements for an unsymmetric transistor (area of collector 
greater than area of emitter) are shown in Fig. 9. The calculated curve 
in this case assumed constant ay and ay. 
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Via, 9 Voltage drop across a transistor switch i 
ert eas as a function of load current. 
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In general it has been found that better agreement between theory and 
experiment is obtained if the current levels are low. Also n-p-n alloy 
transistors are more “theoretical” than p-n-p alloy transistors since ay 
and a; are more constant with emitted current. It is believed that the 
theory is of sufficient accuracy for low-level applications, such as when 
the transistor is used as a clamping device in coding. In the case of 
transistors of the 50 mw class being used as pulse amplifiers at currents 
as high as 100 ma, the error may be as large as 100 per cent. ie rs 

The ac impedance in the collector circuit in the closed condition is ob- 
tained by taking the derivative of (@¢ — ®z) with respect to Ic. This is 

dVcr kT 1— an 1 — ay 


i as q ( —_) cr Ip + Ic(1 — a) 
an 
In (34) the (—) sign applies to p-n-p transistors and the (+) sign to 
n-p-n transistors. 

For ay and a; close to one and moderately large values of Ip the ac 
resistance in Region III may be of the order of an ohm. 

In order to “open” the transistor switch, a base bias is applied to bias 
the emitter junction in reverse. The “open-circuit” collector current is 
given by (26) and is in general less than Ico. Also the ac impedance 
between the emitter-collector terminals is at least rez. The importance 
of the bias on the base terminal is illustrated by considering the imped- 
ance in the collector circuit when the base current is zero. In this case 
the collector current is I¢gg/(1 — ay) and the ac impedance looking in 
the collector to emitter terminals is r¢,(1 — ay). The application of a 
voltage to the base, which also reverse biases the emitter junction, con- 
siderably increases the open circuit impedance. 

The transistor can also be used as a switch or pulse amplifier in the 
grounded collector connection as shown in Fig. 10(c). It is convenient 
to express voltages in the saturation region in terms of emitter and base 
current. Thus 

Vic = (+)(#z — &c) 


(1 1 — ay =) 
kT si ar Ip 


= (+) — ln ————————__ (35) 
Iz 
1+ (1 — ay) — 
Iz 


(34) 








In (33) the (+) sign applies to p-n-p transistors and the (—) sign to n-p-n 
transistors. The ac impedance is 


dVrc =( Loss an Lo ay ), (36) 
dine) (=) q \(l — av)In + Ip : ayy — (1 = a7) Ip 


where the (—) sign applies to p-n-p transistors and the (++) sign to 
nepen transistors, 
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For the “open” circuit condition the considerations are slightly dif- 
ferent from the grounded emitter connection, since it is possible to re- 
verse the direction of the load current. The highest impedance in the 
emitter-collector circuit is obtained when both junctions are reverse 
biased. 

For some applications there is a significant difference between grounded 
emitter and grounded collector operation in that the grounded collector 
amplifier has no voltage gain. In the circuit of Fig. 10(c), if, for example, 
the emitter supply voltage is +10 v, the base voltage must be of the 
order of +104 v to hold the transistor in the cutoff condition. To be in 
the current saturation region, approximately —1% v is required on the 


R R R 
INPUT S c £ 
= INPUT = INPUT _ 


(a) COMMON BASE (b) COMMON EMITTER (Cc) COMMON COLLECTOR 


Fig. 10 Transistor switching circuits. 


base lead. Thus, a pulse amplitude of approximately 11 v is required 
to drive the transistor from the cutoff to saturation region. The output 
voltage is then slightly less than the driving voltage. This is in contrast 
to the common emitter connection in which there is, of course, voltage 
gain. 

An important feature of the junction transistor is that if it is almost 
symmetrical it can be used to switch voltages of either polarity (Ref. 8). 
In the circuit of Fig. 10(b), if the collector battery has the polarity 
shown, the transistor is operating in the normal grounded emitter cir- 
uit, If the supply voltage is reversed, the emitter functions as the col- 
lector and the collector as the emitter. Except for the amount of driving 
voltage required, the operation of the switch is independent of the polar- 
ity of the voltage to be switched. In order to keep the switch off, it is 
necessary that the bias on the base be more negative than the most 
hogative voltage which appears in the collector circuit. Thus, if random 
voltages are to be switched with this circuit, it is not possible to have 
voltage gain in the switch. If the switch driving current is constant 
and independent of polarity of the voltage to be switched, it should be 
(rue for optimum operation that 








an 1 
37 
l-—ay l-—-—a en) 
or 
1 
ay=2—-—->: (38) 
an 


Aw an example, if ay = 0.8, then ay should be about 0.75, 
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SWITCHING-TIMES (Ref. 9) 


The time required to change the operating point of a junction tran- 
sistor from Region I to Region III, or vice versa, is clearly of primary 
importance. This time (switching-time) is one of the major limitations 
in the application of junction transistors. It is the purpose of this sec- 
tion to show how switching-time is related to transistor parameters and 
circuit conditions. First a general description of large-signal transient 
phenomena is required, followed by a more detailed discussion. The 
discussion will be limited to resistive loads, as in Fig. 10. Fig. 13 shows 
the transient which occurs when a large-signal pulse of current is ap- 
plied to the base lead of a transistor in the common emitter connection. 
It is assumed that the original operating point of the transistor is in 
Region I and the final operating point is in Region III (current satura- 
tion). The collector current starts out along an exponential rise deter- 
mined by the amount of drive (current gain) and the frequency response 
of the transistor. (In the common emitter connection the cutoff fre- 
quency is [(1 — @y)fy]. When the operating point enters the current 
saturation region the collector voltage reverses its sign. The low re- 
sistance of the forward biased collector prevents the total collector current 
from increasing appreciably, and the current remains constant at very 
nearly V,./R:. The switching-time is easily calculated in terms of the 
normal active region parameters of the transistor. For the case where 
the load impedance is low enough that collector capacitance does not 
limit turn-on time, the turn-on time is given by (Ref. 10) 
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to = — 1n ————— __ (common base) (39) 
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to = ————__— ln ———_— (common emitter) (40) 

(1 — an)wn (1 — an)Ic 

Iz — 0.9 ————_ 
an 
where ty = time for current to reach 90 per cent of its limiting value, 

Ip = emitter current after step has been applied (common base), 


Ip = base current after step has been applied (common emitter), 
limiting value of collector current, 
current gain and frequency cutoff. 


For the common collector connection 


1 anIp 


to (41) 


= _———<— lo ——————————— 
1- 1 — ay)I 
(1 — ay)on es 0.9! an) Ip 
an 
where J» = base current after step has been applied, 
Ty = limiting value of emitter current, 
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Turn-on time clear] 
y depends on the amount of drive, c i 
u 
con nae peas of the transistor. In order to ae a 
mitter and common base connections, turn-on ti i 
é ma ; - ime has been pl 
as a function of driving current for a special case in Fig. 11. It ea 
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Fie. 11 Turn-on time as a function of driving current. 
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Region III to zero, or possibly to a reverse emitter junction current. 
The excess carrier density in the base layer decays until the minority 
carrier density in the base layer at the collector junction reaches nearly 
zero. During this initial stage of the turn-off transient, the collector 
junction is a low impedance and the collector current remains very nearly 
constant, at a value determined by the external circuit resistance. When 
the minority carrier density in the base layer at the collector approaches 
zero, the collector junction rapidly becomes a high impedance. The 
turn-off transient, after the collector junction has “recovered,” 1s con- 
trolled by the normal active region parameters. We see that for junction 
transistors the turn-off transient can be conveniently divided into two 
times: Storage time is the time interval between the reduction of base 
(or emitter) current to a zero, or reverse value, and the active response 
of the collector current. This time is labeled t; in Fig. 13. Decay time 
is the time between the beginning of active response of the collector cur- 
rent and the time when the collector reaches 10 per cent of its Region III 
value. Decay time is labeled t2 on Fig. 13. Actually, this picture is a 
slight oversimplification of the turn-off transient. The collector junction 
requires a finite time to change from a low impedance to a high impedance. 
This manifests itself in a rounding-off of the transition between the re- 
covery time and the delay time. For practical considerations, however, 
the description in terms of storage time and decay time is sufficiently 
accurate. If the reverse emitter current during turn-off is larger than the 
reverse collector current, the emitter junction may recover before the 
collector junction. In this case the qualitative picture is somewhat 
changed from that given above. The analysis given here is concerned 
with more moderate turn-off currents. 

Storage time has been related to transistor parameters and circuit 
conditions (Ref. 9) from fundamental considerations. If the width of the 
turn-on pulse is as great or greater than the time constant 1/(1 — 
ay)wy, the carrier density reaches equilibrium. In this case approxi- 
mate expressions for storage time are: 
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= one ieee (common base) (42) 
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wyw(l — aver) Ing + Im (1 = an) 


where ay, wy © normal alpha, and cutoff frequency of normal alpha, 
a;, wy, = inverted alpha, and cutoff frequeney of inverted alpha, 
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Ig, Iz2 = emitter current before, after turn-off step is applied (com- 
mon base), 
Ic, = initial collector current (common base and common 
emitter), 
Tp1, Ing = base current before, after turn-off step is applied (com- 
mon emitter and common collector), 
Ig, = initial emitter current (common collector). 


The decay time is obtained from the normal small signal active region 


parameters. The time for the load current to decay to 10 per cent of its 
initial value is 


1 Ice, + anIze 














tg = a In Ta (common base) (45) 
70 Toy + anlz2 
an 
Ice, — Tze 
1 1 — ay 
tg = —————— In ——__ (common emitter) (46) 
(1 — ay)wn 1 I QN I 
oo Ee os B2 
I 
hao B2 
, 1 1 — ay 
SO 11 OU OOOO" 
2 G.s = (common collector) (47) 
mm Figg 
10 1 — ay 


where the symbols have the same meanings as before. These relations 
show that storage time in junction transistors is a function not only of the 
normal parameters but also of the inverted alpha and frequency cutoff. In 
symmetric transistors the coefficient in (42) to (44) is 


wn + wr Bas 1 
wyw(1 — ayer) wy(1 — ay) ee 
and depends only on the normal alpha and frequency response. In un- 
symmetric alloyed transistors the coefficient may be anywhere from about 
| § to 5 times the right-hand side of (48). In grown junctions the coeffi- 
vient may be as much as 100 times the right-hand side of (48) because of 
carrier storage in the collector region. 

In order to obtain a comparison between common emitter and common 
hase operation, the decay time for the transistor of Fig. 11 is plotted in 
ig. 12 as a function of reverse current during turn-off. It must be empha- 
sived that the base-emitter circuit remains a low impedance throughout the 
turn-off transient, and the current across the emitter junction may be in the 
reverse direction for most of the duration of the transient. Fig. 13 shows 
transient behavior for the cases of common emitter and common base con- 
nections for the transistor of Figs, 11 and 12, In each case the increment 
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of driving current is 12 ma and the collector current is limited at 10 ma. 
This figure illustrates the fact that if suitable bias conditions are chosen 
and the increment of driving current is the same for the two connections, 
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CURRENT IN MILLIAMPERES 
Fig. 12 Decay time as a function of reverse driving current during turn-off. 


the switching-time for the common emitter connection can be made almost 
the same as for the common base connection. For the purposes of this 
illustration it was assumed that the transistor was symmetric. All of the 
times in Figs. 11, 12, and 13 are within one order of magnitude of 1/wy 
and it is true, in general, that for symmetric transistors the frequency cutoff 
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(a) TRANSIENT (COMMON BASE) (b) TRANSIENT (COMMON EMITTER) 
Fic. 13 Transient behavior of junction transistors. 


wy is the most important parameter governing switching speed. For un- 
symmetrical transistors the product (1 — ay)wy is important in determin- 
ing the storage time. For most unsymmetric alloyed transistors now being 
developed, wy > wy and (1 — ay) «1 — ay. 


wy + wr RY 1 (49) 


wvw(1 — ayer) wy(1 — ay) 


The four quantities ay, wy, 4, o can be varied independently to some — 


extent, Thus reduetion of ay and inerease of w, should decrease the storage 
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time of the transistor. In general, w; < wy so that to increase wr one 
must increase wy. Also, the designs which decrease a; will increase Ico 
and in general tend to decrease w;. Decreasing a, also increases the emitter 
to collector voltage drop and ac impedance. Clearly, the best compro- 
mise of these parameters depends on the specific application. 

The effect of collector capacitance and base resistance on switching- 
time has not been considered as yet. The initial surge of controlling 
current passes through the base resistance so that the driving power re- 
quired for a given current increases in proportion to the base resistance. 
For practical cases almost the entire voltage drop at the input electrodes 
results from the base resistance. 

The effect of collector capacitance is to increase the switching-time. 
If it is true that 


R.C.wNn <K 1, 


then collector capacitance does not significantly affect switching-time. 


EXAMPLE OF APPLICATION OF THEORY 


For many large-signal problems it may be difficult to obtain a com- 
plete analysis. However, it is usually possible to obtain a solution to 
various parts of relatively complicated problems. In 
some cases, where it is not easy to obtain a simple 
expression which does not involve exponentials relat- Te | 
ing current to voltage, a maximum or minimum can 
be obtained by differentiation. Information regard- 
ing a maximum or a minimum may be all that is 
important in some cases. 

Fortunately good approximations to functions of 
the form (q*/e*” — 1) can be obtained, which give 
results which agree well with experiment over wide 
ranges of current and voltage. As an example, con- = 
sider the simple circuit shown in Fig. 14. This con- Fig. 14. Tran- 
figuration occurs frequently in switching (and trans- sistor circuit. 
mission) circuits. It is desired to obtain an expression 
for Io as a function of R. It is assumed that the collector junction is re- 
verse biased and that the emitter junction is biased slightly in the for- 
ward direction. For small values of emitter bias, .a good approximation is 


ge ) q 
——— }) = — 4. 
(x -1 kT” (50) 


Using the results of the preceding sections, the following equation can be 
obtained relating the collector current to the constants of the transistor 
and R, 


+V 
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For R = 0 this becomes 





I 
Face es, (52) 
1 — aANQl 
and for R = « 
I 
Io = —-—. (53) 
1—ayn 


Equations (52) and (53) are exact equations which can be derived with- 
out the use of assumption (50) by going back to (16) and (17). Thus 
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Fig. 15 Data on circuit of Fig. 14. 


it is seen that by using this assumption a result can be obtained which is 
exact for the extreme values of R and is an excellent approximation for 
intermediate values of R. Measured and calculated curves of Ic as a 
function of R are shown in Fig. 15. 


APPENDIX 


Proor oF GENERAL TRANSISTOR RELATIONS. It is the purpose of this 
Appendix to prove the following general transistor relations (Ref. 11); 


Ig(@g, ®.) = ay, (e%?#/*7 — 1) + ayo(e?*/*? — 1) a 
I.(&p, ®,) = gy (e2P#/*T es 1) + Ag (e%%e/*T aa 1). 


No restrictions will be placed on the shape of the emitter and collector 
junctions. It will also be shown in this Appendix that ajo = dg) in (54), 
As part of the proof, it will be shown that under the conditions of (54), 
with ®p and ®, volts on the emitter and collector junctions, carrier density 
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can be considered as the sum of densities which would exist under the fol- 
lowing conditions: 


Voltage across emitter junction = zg (55) 
Voltage across collector junction = 0 


Voltage across emitter junction = 0 (56) 
Voltage across collector junction = ®,. 

In deriving these relations it will be assumed that the minority carrier 
density is sufficiently small that carrier flow is governed by the linear dif- 
fusion equation, and that there are no drift fields in the base layer except 
at the junctions. Space-charge layer widening will be neglected. For con- 
venience, p-n-p transistor geometry will be assumed. (See Fig. 3.) Shock- 
ley, Sparks, and Teal (Ref. 11) have given an excellent theoretical discus- 
sion leading to the boundary conditions 


n= Nper?!*T 

p= pnere!kT (57) 
for the density of carrier at a boundary with applied voltage, ®. In this 
formula, 


n = density of electrons just inside p-type semiconductor 
p = density of holes just inside n-type semiconductor 

Np, Pn are thermal equilibrium values 

® is potential of p-type semiconductor relative to n type. 


First it will be shown that the solution for carrier density can be written 
as the sum of solutions of the type as in (55) and (56). The diffusion equa- 
tion for holes is (neglecting drift fields) 


P= Pm _ ap 


D, Vp. — 
ae T ot 


(58) 

If pn varies, at most, slowly as a function of position (resistivity varies 

slowly as a function of position) so that there are negligible “built in’ drift 
fields, (58) can be written 

P— Pn _ 9(P — Pn) 

Dp V*(p — pp) — = PP 


T ot (59) 


Similar considerations hold for electron density in p-type semiconductor. 
‘The boundary conditions on the external surfaces are 


Dp Vp:dS = s(p — pn)|dS|, (60) 


when 8 is surface recombination velocity and may be a function of position. 
(It is assumed that the base contact does not emit holes.) This may be 
written as 


Dy V(p = Pn) :dS — &(p — pn)|dS| = 0, (61) 
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The assumption of negligible “built in” field must be used to obtain (61). 
Hence the external surface boundary condition is linear in p-p, (or n-Np in 
p-type semiconductor). It follows from this that the solution to the dif- 
ferential (59) is a linear function of the densities at the two junctions and 
is, in fact, the sum of two solutions with boundary conditions as specified 
in (55) and (56). The currents at the boundaries are 


I, = -4q if Dy Vp:dS_ (in n-type semiconductor) 
In = 4 f D, Vn-dS_ (in p-type semiconductor) 
s 
I = 1, + 1, = total current across junction (62) 


The two independent solutions of the form 


Pi — Pn = Pnlet?#/*? — 1) f(a, y, 2) 


f=0 on Jog (63) 
=1 on J; 
and 
Po — Dn = Pr(et*!*? — 1)g(a, y, 2) 
g=1 on Je (64) 
=0 on J. 


If dg and ®, are simultaneously applied, the density of holes is of the form 
P — Dn = (Pi — Pn) + (P2 — Pn)- (65) 


The electron densities in the two p-type semiconductor regions are related 
to the emitter and collector voltages by relations of the form 


N— Ny = A(z, y, Pa oli = I) (66) 


n— Np = Bia, y; 2) pg (ete! i 1) 
for the emitter and collector regions respectively. The functions A and B 
are equal to 1 at the junction. The calculations of emitter and collector 
currents result in relations of the form (54), where the a;; depend on geom- 
etry. To prove 12 = Qa1, it is necessary to show that 


Tn(0, bc) = Ic(®z, 0) 


when 
Py = Pe. (67) 


Since the boundary condition at J, (collector) affects only the hole cur+— 


rent at /;, (emitter), and vice versa, it is necessary only to prove (67) for 
hole current, 
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Green’s theorem in the form 
ff (U V?V — V V?U) dV - {fw VV — VVU)-dS (68) 
V Ss 


will be used. Identify U with f, and V with g, of (63) and (64). Then 
the left-hand side of (68) is zero, because the functions satisfy the diffusion 
(58) with dp/dt = 0. The integrand on the right-hand side is zero on the 
external surface, because the functions satisfy the boundary condition (61). 


There results 
ff V,-dS — ff vas =0. (69) 
Ji J 


Equation (67) follows if p, is the same at emitter and collector junctions. 

This proof does not imply that coefficients a; have the same frequency 
dependence (in fact they do not). However, two solutions (55) and (56) 
are independent of each other even during transient or time dependent 
conditions. The considerations which were applied to two p-type semi- 
conducting regions adjacent to an n-type base region can be generalized 
to N p-type regions adjacent to an n-type base, where N is any specified 
integer. 
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5B. LARGE-SIGNAL TRANSIENT RESPONSE OF 
JUNCTION TRANSISTORS * 


JOHN L. MOLL 


Transient response in the active region for junction transistors can be 
calculated from the conventional small-signal equivalent circuit. This 
small-signal characterization is adequate to calculate turn-on time and 
decay time. Carrier storage time, or time for the transistor operating 
point to move from the current saturation region to the active region, 1s 
calculated from a small-signal characterization of the transistor in the 
current saturation region. Frequency cutoff of alpha, wy (radtans/sec- 
ond) is the most important single transistor parameter affecting switching 
speed. It is possible with moderate driving current to switch the oper- 
ating point from collector current cutoff to collector current saturation 
in times of the order of 3/wy. To switch from collector current saturation 
to collector current cutoff, in times of the order of 3/wy, carrier storage 
effects must be avoided. 


INTRODUCTION 


The use of conventional techniques of analysis makes possible the cal- 
culation of small-signal transient response from the small-signal trans- 
mission characterization of a device. In fact, relationships between La- 
place transforms of current and voltage are obtainable directly from the 
small-signal transmission characterization. The Laplace transform re- 
lationships can then be used to calculate transient response. The calcu- 
- lation of transient response as outlined above is valid as long as the 
operating range is linear. For junction transistors, if the operating point 
is in the active region, the small-signal parameters are sufficiently con- 
stant that quite accurate calculations of transient response can be carried 
out. 

If the transistor is driven sufficiently hard to cause the operating point 
to enter the current saturation region, carrier storage effects must be 
included in switching-time calculations. The three large-signal regions of 
the transistor have been defined for junction transistors (Ref. 1) as 
follows: 


Region I: (collector current cutoff), emitter and collector junctions 
reverse biased. 

Region II: (active) emitter forward and collector reverse biased. 

Region III: (current saturation) emitter and collector both forward 
biased. 


* Originally published in Proc, JRE, Vol, 42, Dec, 1954. 
The author wishes to acknowledge the help of H, D, Young and H, Andrew in 
obtaining experimental data, 
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Fig. 1 illustrates the minority carrier density along a filament between the 
emitter and collector in each of these three regions. In Region I (col- 
lector current cutoff) the density is very nearly zero at both emitter and 
collector. In Region II (active) the density is positive at the emitter and 
very nearly zero at the collector. In Region III (collector current satu- 
ration) the density is very high throughout the base layer including the 
vicinity of the collector junction. In Region III the collector junction is 
forward biased (Ref. 1) and has therefore a very low impedance. In the 
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lia. 1 Carrier density along a filament in the base layer between emitter and 
collector in the three regions of operation. 


circuit at the top of Fig. 2, for example, the load current is determined . 
by the external circuit rather than the transistor as long as the operating 
point is in the current saturation region. The type of response which is 
encountered is illustrated in the idealized large-signal response in Fig. 2. 
From time to to ¢, the transistor switch is being “turned on’ and the 
transient is determined by the active region parameters of the transistor. 
At time ¢, the operating point enters the current saturation region. The 
period of time required for the current to reach 90 per cent of its current 
saturation value will be called 7'9: (turn-on time). At time ty the base 
current is reduced to a value corresponding to Region I and the turn-off 
transient begins. From time tz to ts the minority carrier density in the 
base layer is large, corresponding to operation in Region III, but is de- 
caying towards zero, During this time (tz to ts), the collector presents 
low impedance and collector current is determined by the external circuit. 
At time ts the carrier density near the collector junction is very nearly 
wero, At this point the collector junction impedance increases rapidly 
and the transistor begins to react with its active region parameters. The 
time interval from ty to ty will be called 7, the carrier storage time. 
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After time ts the transient behavior is calculated from the active region 
parameters. At time t,, on Fig. 2, the collector current has decayed to 10 
per cent of its maximum value. The interval of time from fs to t, will be 
called Ts, the decay time. 

A large class of large-signal transient problems can be described quali- 
tatively by the events as outlined in Fig. 2. The essential analytical 
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Fig. 2 Response to large-signal pulse of current in the base circuit. 


problems in this type of transient are the calculation of the times 7, 74, 
and TJ». The times 7» and T2 are calculated from the active region 
parameters of the transistor, and can be obtained from the application 
of standard techniques of circuit analysis to the active region equivalent 
circuit of the transistor. Examples of transient response calculations in 
the active region are included for completeness. 

The calculation of 7';, the carrier storage time, requires the calculation 
of the transition time from the current saturation region to the active 


region. It is possible, in principle, to caleulate the carrier storage time 


from the diffusion equation which governs minority carrier density in 
semiconductors, This calculation, however, is a formidable one—eape+ 
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cially for nonplanar transistors. An alternative physical picture and 
formulation of the problem, presented in a later section, avoids the neces- 
sity of solving the diffusion equation and hence is amendable to calcula- 
tion. The theory of transient response will be divided into sections as 
follows: (a) Small-signal behavior in the active region; (b) Small-signal 
behavior in the current saturation region; (c) Large-signal switching- 
times. 


THEORY 


SMALL-SIGNAL TRANSIENT RESPOSE IN THE AcTIVE Recion. Fig. 3 
illustrates an equivalent circuit which satisfactorily describes the small- 





Via. 3 Small-signal equivalent circuit suitable for calculation of transient response. 
For planar transistors, Cse = 1.5rewe. 


signal transient behavior of junction transistors. This is the usual small- 
signal equivalent circuit, with neglect of space-charge layer widening ef- 
fects (Ref. 2) except insofar as they affect the magnitudes of the compo- 
nents of the equivalent circuit of Fig. 3. The capacitance C,, in the 
emitter admittance Y, is the usual diffusion capacitance (Ref. 3) asso- 
ciated with minority carrier density in the base layer. 

The representation of a physical device by an equivalent circuit, of 
course, has limitations. In particular, the equivalent circuit of Fig. 3 is 
limited to a finite bandwidth and range of operating biases. The range 
of application of an equivalent circuit must in general be balanced against 
the complexity of the circuit. The simpler the equivalent circuit the 
more limited is its range of application. The circuit of Fig. 3 is suffi- 
ciently accurate to describe the transient behavior of transistors to a time 
definition of 1/wy to 1/10wy, depending on the circumstances (Ref. 4). 
In general this accuracy is all that is warranted. Any simplification of 
the circuit results in extreme limitation of its application. Any further 
complication results in prohibitive analytical difficulties in applications 
to circuits, Thus this circuit is a good compromise between utility and 
complexity, 
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The general case of small-signal transient becomes very complicated, 
but some special cases of interest will be presented here. In particular, 
common (or grounded) emitter, common base, and common collector cir- 
cuits, under conditions which approximate short-circuited output condi- 
tions, will be analyzed. Fig. 4 illustrates these circuits. It will be as- 
sumed throughout that « has the form 


() = (1) 
a(s) = ————_ 

1+ s/wn 
where ay = value at zero frequency and wy = radian cutoff frequency of 
alpha. In keeping with Laplace transform notation, s is a complex varia- 





(a) COMMON BASE 





(C) COMMON COLLECTOR 


Fic. 4 Transistor amplifying or switching circuits. 


ble. The assumed frequency dependence of alpha is of course an approx- 
imation to the actual case. Experience has shown, however, that it is a 
satisfactory approximation. For the case of grounded base operation the 
current gain and input admittance have very nearly their short-circuit 
values if 
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Fig. 5 shows ideal response to small-signal rectangular pulses of current, 
AI, and voltage, AV, at the emitter. 
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I'ia, 5 Response of transistor in common base circuit to small-signal steps (a) 
of AJ in emitter current, and (b) of AV in emitter voltage. In (a) the time 
constant is 1/wy and in (b) the time constant is 


For grounded emitter operation, the current gain and input impedance 
have their short circuit values if 


vs «1 
et se 
To (5) 


wv R, « | ‘ 
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The current gain is 





I, 
a, er (6) 
I,(s) 1—ay + 8/won 
Input impedance is 
V e 
»(8) pe r (7) 





I,(s) ~ l1—ay+ s/wN 


Fig. 6 shows ideal response to small-signal rectangular pulses of current, 
AI, and voltage, AV, to the base. 
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Time, t —> 
(b) STEP OF AV IN BASE VOLTAGE 


Fic. 6 Response of transistor in common emitter circuit to small-signal steps 
(a) of AJ in base current, and (b) of AV in base voltage. In (a) the time 


constant is 1/(1 — ay)wy and in (b) the time constant is 
1 


(1 ~ ay +") wy 
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For grounded collector operation, the current gain has its short circuit 
value if 


R 
ae Ee an (R, = load resistance in emitter circuit) (8) 
Te 


wvR.C. «1. For this case, 


I.(s) os 1+ s/wn 





(9) 


Is) l—an+ s/n 









TiMe,t —> 
(a) STEP OF AI IN BASE CURRENT 
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TIME, t —> 
(b) STEP OF AV IN BASE VOLTAGE 


Via, 7 Response of transistor in common collector circuit to small-signal steps 
(a) of AZ in base current, and (b) of AV in base voltage. “In (a) the time 


constant is 1/(1 — ay)wy and in (b) the time constant is 


wba is 1 
Tork Ree ri = an) wy 
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The input impedance under these conditions is 
V2(s) ee Tet R.(1 + s/wy) 
his) 1 — aw + 8/ay 


Fig. 7 shows ideal response of the grounded collector transitor to rectangu- 
lar pulses of current, AJ, and voltage, AV, to the base. 

In general, if the conditions of (2), (5), and (8) are satisfied, the re- 
sponse time is not affected by the load resistance. However, if the load 
resistance is increased so that these conditions are not satisfied, the re- 
sponse time increases, and for large load resistance, is determined by the 
product of load resistance and collector capacitance. 





(10) 


SMALL-SIGNAL TRANSIENT BEHAVIOR IN THE CURRENT SATURATION RE- 
GIonN. The formulation of the small-signal transient behavior in the cur- 
rent saturation region is a step in the calculation of storage time 7. It 
is possible by means of some generalized considerations of relationships 
between terminal currents and voltages to calculate storage time without 
resorting to specific solutions of the diffusion equation. This calculation 
of T, is based on the chacterization of the transistor in the current satu- 
ration region and is carried out in a later section. Our immediate con- 
cern is to characterize the transistor in the current saturation region. 

It has been shown (Ref. 1) that the carrier density in the base layer, 
with voltages $n and ¢¢ respectively across the emitter and collector junc- 
tions, is the sum of two densities which are (for n-p-n) 


N, — Np» = excess carrier density which exist if the junction voltages 


are dy and 0. (11) _ 


excess carrier density which exists if the junction voltages 
are 0 and ¢c. (12) 


This method of dividing the carrier density into two components is most 
useful in considering transistor operation in the current saturation region 
where both junctions are forward biased. In transistors with emitter and 
collector region of finite resistivity, there is also minority carrier storage 
in these regions. The minority carrier densities in the emitter and col- 
lector regions could be included without changing the results of the 
analysis, but would make the discussion more complex. The density in 
(11) is the result of emission from the emitter at voltage ¢z, and collec- 
tion at the collector at zero voltage. The density in (12) is the result 
of emission from the collector at voltage ¢c, and collection at the emitter 
at zero voltage. 


Ng — Np 


The division of carrier density into two components is illustrated quali- 


tatively in Fig. 8. This division of carrier density suggests the division 
of emitter and collector currents into two components which are associated 
with emission and collection. Thus (for n-p-n) 


In = —Iny + In 


(18) 
Io = —ley + Ler, 
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DISTANCE =——> 
Via. 8 Carrier density along a filament in the base layer while operating in the 
current saturation region. The density is divided into two components 
corresponding to normal (m1 — ny) and inverted (nz — ny) operation. 


where Iz;, Icy = current due to emission from the emitter or collector and 
!»y, Icy = current due to collection at the emitter or collector. Since 
(these two processes are independent, the usual current gain relations are 


Log? = = 





8 I.4(s), (14) 


1+— 

ON 
where ay and wy are the normal small-signal active region current gain and 
frequency cutoff, and 


Ley Os = 





tee”, (15) 
1+— 
wy 
where a, and w; are the small-signal active region current gain and fre- 
(uency cutoff which result if the transistor is inverted; ie., the roles of 
(he emitter and collector interchanged. This division of current into 
‘omponents has the desirable consequence of replacing a nonlinear phe- 
homenon by two separate, essentially linear processes. 

The frequency dependence of alpha assumed in (14) and (15) has not 
heen justified for nonplanar geometry, but experience has shown that 
(14) and (15) are fairly good approximations. 

The “theoretical” transistor is now completely characterized with the 
addition of voltage relationships. (By the theoretical transistor is meant 
the transistor which neglects the voltage drop in the base layer.) The 
Voltage relationships are obtained from the forward or emitted current, 
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Thus, with ¢c = 0, the static relations are, 


Tzo 


Ip = Tay = ——— (etea*? — 1) (16) 
— anay 
and with ¢g = 0, ‘ 
Sige Ge i), (17) 
— ayay 


In (16) and (17), ¢¢ and ¢¢ are the actual voltages across the junctions. 
If ¢g and ¢¢ are simultaneously different from zero, the relations (16) and 
(17) continue to be valid for the emitted currents [zs and Ic;, but in this 
case the total emitter and collector currents differ from the emitted cur- 
rents. For small-signal operation in the current saturation region, the 
small-signal emitter admittances must be used. Thus, 


Tp;(s) = Yx(s)¢x(s) (18) 
Tcs(s) = Ye(s)oc(s). (19) 
The admittances in (18) and (19) are 


L 
Yx(s) = a + SC'se 


Toys 
kT /q 


It should be noted that the collector conductance Ye(s) in Region III is 
not the usual small-signal collector conductance, but is the conductance 
of a diode biased in the forward direction. The magnitude of the dif- 
fusion capacitances Ce and C, in (20) depends on emitter and collector 
current and geometry. However, the exact magnitudes of Cee and Ce 
are only of secondary importance in determining switching behavior. No 
attempt will be made here to evaluate these magnitudes. The resistive 
terms in (20) are accurate for any case. 

Fig. 9 shows the small-signal equivalent circuit applicable to the 
current saturation region. For practical transistors, resistances must be 


(20) 
+ sCsc. 





Yc(s) = 





Fic, 9 Smallsignal equivalent circuit for Region IIT with added base resistance, 





Chapter 5: Design oF JuNcTION TRIODES 257 


added to account for the spreading resistance in the base layer; hence 
the resistances, 7; and re. This particular configuration of resistance is 
most nearly applicable to the transistor geometry, in which the emitter 
and collector junctions are planar but with larger diameter collector, as in 
Fig. 10. At moderately high currents r; is the ohmic spreading resistance 
between the edge of the collector and the base contact, and rz is approxi- 


BRK2A0CQS 






BASE 
CONTACT 
O 


eree eee 


Kia. 10 Geometry of unsymmetrical transistor. The voltage drop from d; to 
dz results in 72, and the voltage drop from dy» to d; results in 1}. 


mately the resistance between the edge of the emitter and the edge of the 
collector. Fig. 10 illustrates the physical regions which result in these 
resistances. 

Many alloy or fused junction transistors have the unsymmetrical 
geometry shown in Fig. 10, with resulting unsymmetric electrical proper- 
ties. In some switching applications it is advantageous that the transistor 
have symmetrical electrical properties; that is the electrical parameters 
in the inverted connection are the same as in the normal connection. 
Transistors with symmetrical geometry clearly have symmetrical electri- 
cal properties. Typical values of base spreading resistances for symmetri- 
cal transistors are about 100 ohms for r; and approximately zero for ro. 
Typical values for a nonsymmetrical n-p-n transistor (0.015-in. diameter 
emitter, 0.030-in. diameter collector) are 20 ohms for r; and 100 ohms 
for Ye. 

It has been observed in the common emitter circuit [Fig. 4(b)], that 
when the transistor operating point enters the current saturation region, 
(he input resistance sometimes drops very rapidly to a small fraction of 
its active region value. The reason for this can be seen from the equiva- 
lent cireuits of Figs. 3 and 9. The base resistance r, of Fig. 3 (active 
region) is approximately the sum of the resistances 7; + re in Fig. 9 (cur- 
rent saturation). Hence, in the active range the input resistance to the 
oirouit of Fig. 4(a) is very nearly r; + re at large currents where emitter 
resistance is negligible, 

In the current saturation region, the load resistance is usually so large 
in comparison to the collector resistance (which may be a few ohms) 
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that the transistor is effectively operating into an open circuit. Under 
these conditions the complex input impedance is (neglecting emitter re- 
sistance) 


(1-ar + Z)(14+=) 
—a — —)r 
Vols) | . oN os 


ha” To + ee (21) 
; —— [s? + s(wy + wr) + wywr(1 — anvaz)] 


WNW 





At low frequencies this reduces to 


| ai (22) 





For the normal connection of the unsymmetrical transistor, 1 — avy X< 1 
— ay and re «rj, so that the impedance in (22) may be much less than 
the active region base resistance. For symmetric transistors, however, 7; 
is small and the impedance in (22) reduces to the active region base resist- 
ance. These calculations are in agreement with observations on sym- 
metrical and nonsymmetrical transistors. At high frequencies, (21) be- 
comes 

Vo 


I, s=00 


=T1T1 + TQ. (23) 


Equation (23) gives the ratio of incremental voltage to incremental 
current immediately after the application of a step of current (or voltage) 
to the base circuit. In a time of the order of 1/wy the ratio of incremental 
voltage to incremental current decays to the value given in (22). The 
effect of the frequency variation of the input impedance in (21) on switch- 
ing-time is small. However, the above calculations explain the initial 
spike of voltage at the base terminal which is sometimes observed when 
a current pulse is applied to the base of unsymmetrical transistors in the 
common emitter circuit. 


LarGE-SIGNAL SwiTcHING-TiMEs. Large-signal switching-time is most 
conveniently discussed in terms of the three large-signal regions of opera- 
tion which have been previously defined. For junction transistors the 
“high” current edge of the Region I (collector current cutoff) is at Io = Ico, 
and the “low” current boundary is at J¢ slightly les than Igo. When 
calculating switching-times from collector current cutoff region to cur- 
rents large compared to Igo, no appreciable error is introduced if it is as- 
sumed that Ic¢9 = 0. 


In Region II (active region) the switching-time is controlled by the — 


small-signal active region parameters of the transistor. Since the equiv- 
alent impedances are strongly current dependent, exact large-signal 
transient response is sometimes quite difficult to calculate, but useful (and 
accurate) relations can be obtained, 

In Region III (current saturation) both emitter and collector conduc« 
tances are so small that the only remaining significant impedance is the 
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base resistance (see Fig. 9). The static voltage drops in Region III are 
so small that it is reasonably accurate to assume that the entire supply 
voltage is across the external resistance in the circuit. Thus for a given 
load line the edge of Region III is at 





(24) 


where V., = collector supply voltage, 
Ic = current at edge of current saturation region. 


Thus turn-on time from emitter cutoff to current saturation can be 
obtained from just a knowledge of the active region parameters. Turn-off 
time from current saturation to Region I (or Region II) requires knowl- 
edge of the transistor properties in the current saturation region. 

In terms of the small-signal characterization of the transistor in the 
current saturation region, the transistor is in the current saturation region 
as long as the junction which normally functions as a collector is simul- 
taneously collecting and emitting, and the junction which normally func- 
tions as an emitter is simultaneously emitting and collecting. In the 
active region, the collector is acting only as a collector and the emitter is 
acting only as an emitter. The transition of the operating point, from 
the current saturation region to the active region, consists in the decay 
of the emitted current from the collector, and the collected current from 
the emitter to zero. Storage time 7, is the time required for these cur- 
rents to decay to zero. 

Turn-on time, 7'o, will be calculated first, and then turn-off time will 
be considered in greater detail. Low-impedance load conditions are as- 
sumed for simplicity [see (2), (5), and (8)]. Turn-on time will be taken 
as the time required for the current to reach 90 per cent of its limiting 
value. Equations (3), (6), and (9) give the current transfer functions 
which apply to common base, emitter, and collector, and turn-on times 
may be calculated directly from these functions. The turn-on times 
from Region I to Region III for common base, emitter, and collector 
respectively are: 

1 Iz 
To = — In ————__ (common base) (25) 
WN I 9To 


E-— 


an 


/, = emitter current after step is applied. 
/c¢ = collector current at edge of Region III. 


1 I 
To = Pe anans In oe " 
aAN)WN ta inn an 


(common emitter) (26) 





Ic 
an 


7» = base current after step is applied, 
Je = collector current at edge of Region IIT, 
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1 alz 


haa hh ee 
a tk Seow In = OU = ew ie 


(common collector) (27) 


Ig = emitter current at edge of Region III. 
Ip = base current after step is applied. 


If the low impedance conditions of (2), (5), and (8) are not satisfied, 
the turn-on times are increased because of the time necessary to charge 
collector capacitance. If the transistor is not driven into saturation, 
(25), (26), and (27) still give the switching-time if I¢ or Ig is taken as 
the asymptotic value in the active region. 

To obtain turn-off times from the current saturation region, it will be 
assumed that carrier density has reached steady state, though this is 
not a necessary assumption. Calculations carried out in Appendix I 
can be used to show that the carrier density reaches its steady-state value 


in a time 
1 
T,= Le: wT, 


where 7’, (see Fig. 2) is the time interval between the entrance of the oper- 
ating point into Region III and the removal of the driving pulse. If 





1 
T, << ———— 
(1 — az)wy 


the storage time, 71, is proportional to T,. If 


1 
T, > ———— 
(1 — az)wz 


the carrier density has very nearly reached steady-state conditions and 
storage time is independent of the duration of the driving pulse. This 
is the case that will be considered here. 

In terms of the equivalent circuit of Fig. 9, which applies to the cur- 
rent saturation region, the turn-off transient (for common base or emit- 
ter) may be described as follows: 

The emitter (or base) current is reduced to a value corresponding to 
operation in Region I or II, or even to a reverse value. This results in an 
instantaneous reduction of the forward emitter current I”; which in turn 
reduces the collected collector current. Since the collector conductance is 
small, there is no corresponding reduction of collector current or increasé 
in collector voltage but, instead, there is a reduction of the emitted col« 
lector current. This process continues (reduction of emitted collector 
current) until the collector conductance becomes comparable to the ex 
ternal circuit resistance, at which time the collector voltage begins to 
increase. The decrease in collector conductance occurs at almost the 
same time as when the electron density associated with the emitted cole 
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lector current vanishes. From this time on the turn-off transient is de- 
termined by the small-signal active region parameters of the transistor. 
The turn-off time is conveniently divided into two periods of time as 
follows: 


T, = storage time = time interval between the reduction of control 
current and the entrance of the operating point into the active 
region. 

T2 = decay time = time required after the operating point has entered 
the active region for the collector current to decay to 10 per cent 
of its current saturation value. 


For grounded collector operation, the turn-off begins when the step in 
current is applied to the base electrode. This step immediately reduces 
the magnitude of the emitted collector current, which in turn reduces the 
collected emitter current and the emitted current from the emitter. The 
total emitter current remains essentially constant. This process con- 
tinues as before until the operating point enters the active region. 

Thus the definitions of storage time and decay time apply to all three 
types of operation, with T, being understood as the time to get out of 
current saturation (storage time), and 7’, the time to traverse the active 
region (decay time). As long as the transistor operating point is in the 
current saturation region, the transistor impedances are so low that it is 
most convenient to consider the currents as independent variables. In 
addition, the operation is nearly linear with respect to currents, but is 
very nonlinear with respect to voltage. A knowledge of the terminal 
currents I, and J, as a function of time, allows us to calculate the com- 
ponent currents Ie, Ter, Ie, er aS a function of time. This calculation is 
carried out in Appendix I. It is found in general, during the turn-off 
(transient, that J,; (current emitted from collector) reaches zero first and 
inay actually reverse its direction for a short time. This reversal is 
possible because of diffusion capacitance (ie., minority carrier storage) 
associated with current emitted from the collector. 

When J,, (current collected at the emitter) reaches zero, the electron 
density associated with emission from the collector has vanished, and the 
(ransistor is in the active region. In the active region, total emitter cur- 
rent is identical with the current emitted from the emitter, and the total 
collector current is identical with current collected at the collector (plus 
vollector capacitance charging current). The time interval after the cur- 
ront emitted from the collector reaches zero and, before the current col- 
lected at the emitter reaches zero, is a dynamic transition period between 
(he current saturation region and the active region. It is shown in Ap- 
pendix I of this article that in general, 


7 WN bh wy 


Jaa = In 





—_—————— In (common base) (28) 
wnor(l = aya) Toy 

—= + Ina 
an 
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wn +o Izi — Ip : 
T, = ee ede OS (common emitter) (29) 
wywr(1— aya) Ic\(1 — ay) 
————_ — Ize 
Qn 
wy + wr Ize — Izy 


———_ ln ————__——— (common collector). (30) 
wnwr(1 — ayaz) Ipe + Ini(1 — ay) 

In these three equations, subscript 1 refers to values before the be- 
ginning of the turn-off, and subscript 2 refers to the values immediately 
after the beginning of the turn-off transient. At the end of the storage 
time, the load current is still very nearly its value in the current satura- 
tion region. (Usually 90 per cent or more.) The slope of the load cur- 
rent transient is the value corresponding to active region circuit values. 
The decay time is obtained from the active region parameters. Only a 
small error is introduced by assuming that the current at the start of the 
decay time is the current saturation value of Ic¢:. The decay times to the 
10 per cent points are 

Tz = = In fer totes (common base) (31) 
Ww 
7 0 Ic, + anne 


an 














Inn = Ize 
1 1 — an : 
T, = —————_In (common emitter) (32) 
(1 — an)wn 1 I an I 
ioe ea B2 
Iz 
Ip, — : 
1 1 — ay 
TT, = ————__ hn —._ (com mon collector). (33) — 
(1 — an)on i, 7 Ize 
i Venay 


EXPERIMENTAL RESULTS 


It has been found that there is good agreement between actual small- 
signal transient behavior and the calculated behavior based on the equiv- 
alent circuit of Fig. 3. The biggest discrepancy is in rise times where 
there may be as much as +20 per cent difference between calculated and 
measured values. This is probably due to the fact that wy as measured 
in the usual small signal ac circuit accounts only for amplitude changes in 
ay, while the phase dependence on frequency is also of importance in de- 
termining transient response. 

The parameters to be used in the large-signal equations (25), (26), 
(27), and (28), (29), (30), (81), (82), (33) are obtained as follows: 


ratio of de base current/de collector 
current at the edge of saturation, (84) 





l= ay 
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This method of measuring ay results in an average value for 1 — ay. 
This is of importance only in determining how far into saturation the tran- 
sistor is driven. 


1 
= time constant for response to a pulse of base current. (35) 


(1 — aww 


The parameters with inverse (J) subscripts are measured in the same 
way except that the emitter and collector are interchanged. In general 
1 — ay, is relatively constant with operating point. The dependence of 
switching-time on the inverse characteristic occurs in (28), (29) and (30) 
in the coefficient 


wn + w7 


t= (36) 


wyor(1 — ayer) 


It is found in general for unsymmetrical transistors that wy > w; and 
ay > ay. For this case the magnitude of the coefficient in (86) is deter- 
mined essentially by the product 


1 
= time constant for response to a pulse 


(1 — az)wy ‘ ‘ 
of base current, inverted connection. (87) 


Fig. 11 shows theoretical and experimental rise times for common emit- 
ter operation for an unsymmetrical transistor (Ref. 5). Fig. 12 shows 
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BASE CURRENT IN MILLIAMPERES 


Via, 11) Turneon time as a function of driving current, The curve is calculated 
and the points are experimental, 
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ay = 0.98 
a, =0.71 


Wn = 12.5 x 106 RADIANS/SEC 


@1 = 1.7 x106 RADIANS/SEC 


Ig = 10MA 
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Fic. 12 Storage time as a function of turn-off drive. The curves are calculated 
and points are experimental. 


theoretical and experimental values of storage time. The end of the 
storage time is measured as the time when the slope of the load current 
transient reaches its maximum value. For this particular transistor, the 
maximum slope in the load current transient occurred at about a 10 per 
cent decrease in the load current from its current saturation value. Fig. 
13 shows theoretical and experimental values of decay times. 


CONCLUSIONS 


The salient features of the active region transient response of junction 
transistors can be obtained from the simple equivalent circuit of Fig. 3. 
The large-signal switching-times, where the transistor operating point 
is changed from Region I (collector current cutoff) to Region III (col- 
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lector current saturation), may be described in terms of three periods of 
time which are: To, the turn-on time, or time required for the load 
current to reach 90 per cent of its value in the current saturation region; 


WN=12.5 x 10° RADIANS/SEC 
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Via, 138 Decay time as a function of turn-off drive. The curves are calculated 
and points are experimental. 


T',, the storage time, or time for the operating point to move from the 
current saturation region to the active region after the control current 
has been removed; and 7's, the decay time, or time for the load current 
to decay to 10 per cent of its saturation value after the operating point 
has entered the active region. 

Formulas are given for Ty, T;, and Ts, and experimental verification 
of the formulas are shown in Figs. 11, 12, and 13. It is useful to state 
these dependencies of switching-times on circuit conditions in words. 
Thus, Fig. 11 shows that the greater the drive on the transistor, the 
faster it is turned on, For the common emitter connection, base currents 
of about Y% the saturation value of the load current result in a turn-on 
time of approximately 8/wy, Fig, 12 shows that the further the tran- 
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sistor has been driven into current saturation, the longer it takes to get it 
out again. Also, the greater the turn-off drive the faster it gets out of 
the current saturation region. Reverse (turn-off) currents in the base 
circuit of the order of 1% the saturation value of the load current result in 
storage time of approximately 5/wy to 10/wy. Fig. 13 shows that the 
greater the turn-off drive the shorter the decay time. Turn-off current 
of the order of 14 the saturation value reduces the decay time to ap- 
proximately 3/wy. Reduction of turn-on or turn-off time to 1/oy re- 
quires drive current almost equal to the current saturation value of the 
load current. 

These observations are, of course, in complete agreement with the in- 
tuitive picture of the transistor behavior. It has been assumed through- 
out that the load resistance was small enough, that the effect of collector 
capacitance was negligible. If this is not the case, the quantitative rela- 
tionships describing rise and fall times are changed, but the storage time 
is not affected. The qualitative observations above, concerning switch- 
ing-time, are, of course, valid in any case. 

The transient response of the transistor is not completely described 
unless the transient response of the input circuit is included. During the 
large-signal transient, the input impedances observed can be explained 
in terms of a slowly varying base resistance, and assuming emitter re- 
sistance to be very nearly zero. Thus the input impedance of the com- 
mon emitter connection of the transistor is, for practical purposes, a re- 
sistance equal to base resistance during the transient. 

It is significant that the emitter circuit remains a low impedance, even 
to reverse current during the turn-off part of the transient, until the col- 
lector current is almost zero. An exception to this rule is found where 
the reverse emitter current during turn-off is much larger than the col- 
lector current, as may be the case if voltages are being switched on and 
off, and switching speed is a prime requisite. In this case the emitter 
junction may recover first, and the qualitative behavior is changed some- 
what. The emitter may also recover first even for moderate turn-off 
currents, if most of the carrier storage occurs in the’collector region, as is 
the case in some grown junction transistors. 

Large-signal transient behavior of junction transistors can be explained 
in terms of the familiar transmission parameters and the geometry of 
the device. The single most important parameter affecting switching 
speed is frequency cutoff of alpha. If both turn-on and turn-off times 
are of primary importance, a circuit technique which allows fairly large 
drive and which prevents the transistor from going into saturation will 
extend the range of application of existing devices. 


APPENDIX I 


It is the purpose of this Appendix to calculate the time of transition of 
the transistor operating point from the current saturation region to the 
active region, Under static conditions, the collector current at the transi- 
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tion between the active region and current saturation is V,./R,, and the 
emitter current is V.-/ayR,. The emitted current from the collector is 
zero and the collected current at the emitter is zero. In the current satu- 
ration region, the emitter current is greater than V,./ayR, and carriers 
are being emitted from the collector and collected at the emitter. The 
transition from the current saturation region to the active region in- 
volves the decay of the emitted current from the collector and collected 
current at the emitter to zero. When both of these currents have reached 
zero the transistor is in the active region. 

Equations (13), (14), and (15) make possible the calculation of the 
four currents (38) 


I. = current emitted from emitter, 


Ler 


current collected at emitter, 


(38) 
I,y = current emitted from collector, 


I, = current collected at collector, 


if the total emitter and collector currents are known as a function of 
time. As long as the transistor operating point is in the current satura- 
tion range, the emitter and collector currents are determined by external 
circuit conditions. Thus, during the first part of the turn-off transient, 
the emitter and collector current is known as a function of time. When 
the operating point is in the active region, the load current (collector cur- 
rent) is determined primarily by the active region parameters of the 
transistor and is relatively easy to calculate. The currents I,, and Ie, 
do not in general reach zero at the same time, so that there is a finite time 
during which a transition is taking place between the current saturation 
region and the active region. It is difficult to calculate the collector and 
emitter current exactly during this transition period, since the transistor 
parameters are changing quite rapidly. It is possible, however, to calcu- 
late the four currents Ij, Ter, Ic, Ior with reasonable accuracy, by as- 
suming that the transistor has its current saturation characteristics (and 
hence collector and emitter currents) throughout the transition period. 
This makes possible the calculation of the beginning and end of the 
transition period, and hence the recovery time of the transistor. From 
(13), (14), and (15), the reverse emitter current is 


Ic(s) + an(s)In(s) 


te a) ay (e)ar(8) 


(39) 


and the forward collector current is 


To(8) + an(s)In(s) 
MT awl) sa 
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Assume that before the turn-off step is applied that 
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where w4 and wg are solutions of 


Te = In w” — w(wn + wr) + wywy(1 — ava) = 0. (47) 
Ie = Tea (41) The inverse of (45) is (de values restored) 
ty = Io Ic + anleg 
and that after the turn-off step Lf 
1 — anay 
I, a Tze 
I, = Ice (42) beara (= -=) (1 - =) 
| WT WA ON J 
Ty = Ip. 
| wB WB 
Then it follows that for incremental currents | + ay(Iz2 — Ini) (= - =) | 
Tea — Ins Te ee 
ie) (1 — evar) (1 - =) 
(43) © WA 
Ic(s) = Tea — Ter wR tes ie 
° 8 (Ico — Tes) ( = “*) ¢ ~ “) + an(Iz2 — In1) ( = “= 
and WN w] wy eh 
8 
ar(Ic2 — Ici) ¢ a =) + aan (Ine — In1) 1 = exeg) (1 = =) 
1.-(8) = —$ ———————______——-_ (44 “ (48) 
[(s? + s(ow + wr) + wywr(1 — evar)] where w4 and wg are as before, and they can be approximated as 
ey wyar(1 — ayar) 
s s s wo, = on + of — ———— 
(Ie2 — Ici) (1 + ~) ( + ~) + ay(Iz2 — Ini) (1 + ~) wn + wy 49 
WN OT WT ( ) 
L.3(8) = = 7 _ ener — avez) 
s 3 = —————: 
[s? + s(wy + wr) + wnwz(1 — avar)] re 
ae (45) lor nonsymmetric transistors, the alpha and frequency response of alpha 


The inverse of (44) is (after restoration of de values) 


ar(Ic2g + anlze) 


I= = 
1 — anayz 
@, @, @, 
az(Ic2 — Icx) (= 7 =) sors anaz(Iz2 — Iz1) 
ON WA WA 
BR om saat a eee 
(1 — ayer) (1 - “*) 
WA 
wB 
ar(Ic2 — Ic1) (1 - “*) + aya;(Ig2g — Ini) 
WN 
-+ erneees eearesenlreereens crepeenmeneiisieianianpsainasiieninetiesinainpeiananiaengsunnsnsinimnnieanematinasts est 


(1 = ayay) (1 - =) 


are greater in one direction than the other. For definiteness call the direc- 
tion of high alpha the normal direction. Then it is true in general that 


wp wr < wy < wy. (50) 


‘or common base or emitter, the beginning of the transition period from 
current saturation to active operation occurs at the solution of J,, = 0 in 
(48). It is assumed that Icg = Iq. 


t = tic when 





Is = 0 
WB WB WB 
I I ip aaa Piss 
(46) SUNS LE | SD SEL Fn a ee SP (51) 
an([ng ~ Ini) ra op 


WA WA 
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For common base or emitter, the end of the transition period is at 
t = tig when 
I.y =0 


Io. + anIzg e OBhE w/w : 
ns a eat, (52) 
an (Ize — Izy) pet? fa 


WA WA 
With the relative values of frequencies in (50), it is true that 


OS tae ha. (53) 
If 


Ww] 1 
— (1 — aya) << —: (54) 
WN 10 


then the end of the transition is very nearly at 


+ Ing — I 
Ty a a WT hi E2 = (55) 
wnw(l — avaz Cc 
Tg2 + oe 
= storage time. 


In terms of base current, (55) is 


wn tw Ip, — 1 
at i a ee as (56) 
wyar(1—anvar) Iei(1 — ay) 
acta eeencinenarioie Saal iy 
an 

For the common collector connection [gg = Ig; and I¢2 — Icy = Ip, 
— Igo. In this case the beginning of the transition (tc) is determined from 
the equation 


Igo + (1 — aw) Izy 


Ip2 — Ip 
(3-9 E39 
= oe ee e @Bhic + ~ bib: aid e eatic 
12 1 
«WA WA 
The end of the transition (t,7) is determined from 
_ 9B wp WB 
I 1- I 
pa + (1 — an)Ien a 
Ing = In 1 we ,- ae 
WA WA 
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For the condition of (54), this reduces to 


wv + wy Igo — Iai 


hie (59) 


ee ee 
wywr(1 — ayvar) Igo + (1 — an) Im 


storage time, 


It can easily be shown that as 1 — aya; — 0, the start and end of the 
transition period approach each other. 
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for symmetrical transistors. 


5C. DESIGN OF ALLOYED-JUNCTION GERMANIUM 
TRANSISTORS FOR HIGH-SPEED SWITCHING * 


J. J. EBERS AND S. L. MILLER 


Alloyed-junction transistors have been critically evaluated with respect 
to their potential use as high-speed switching devices. Limitations are 
found to result from avalanche multiplication and space-charge layer 
widening which necessitate design compromises between high-frequency 
and high-voltage circuit requirements. It is shown in this article that 
n-p-n germanium transistors have an advantage over p-n-p type beyond 
that expected from mobility considerations. The additional advantage 
derives from differences in avalanche multiplication. 


1,0 INTRODUCTION 


The present trend in switching systems and computers is toward sys- 
toms that operate at megacycle rates with pulse rise times in the vicinity 
of a tenth of a microsecond. In the attendant design of pulse amplifiers, 
pulse generators, and flip-flops there has arisen the need for high-speed 


* Originally published in B.S.7.J., Vol. 34, July 1955. 

The graphical method of presenting the design information evolved after numer- 
ous discussions with R, M, LeLacheur. The assistance of P. A. Harding, who took 
the data shown in Figs, 7 and 8, is gratefully acknowledged. The authors are in- 
debted to M, A, Clark for information on the operation of common-emitter ampli- 
flora using transistors with alpha greater than unity, 
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junction transistors, particularly in cases where the device must switch 
high currents for extended periods of time. Roughly, devices are needed 
with alphas greater than 0.95 and frequency cutoffs of alpha in the 
range of 10 to 50 mc. In considering transistor structures for high pulse 
rate systems there are several contenders for further development, for 
example, grown-junction triodes and tetrodes, alloyed-junction triodes, 
and intrinsic-barrier transistors (Ref. 1). A comparison has to be made 
of the design possibilities and the relative merits of these devices when 
used as switches. The objective of this paper is to determine the appli- 
cability and limitations of alloyed-junction transistors in high-speed 
switching applications. Many of the considerations in the design of 
alloyed-junction transistors for switching are also important in large- 
signal transmission applications. 

Alloyed-junction transistors have been extensively used in switching 
systems having a pulse rate below a megacycle per sec with excellent 
results which can be attributed to their low impedance in the on con- 
dition when used as a switch, to their high orF impedance and to the 
relatively small storage of minority carriers compared with grown-junc- 
tion transistors. In extending the operating range toward higher speeds, 
limitations are found to result from: 

1. punch-through, the spreading of the collector junction space-charge 
layer over to the emitter junction (Ref. 2) ; 

2. avalanche multiplication of alpha which results in alphas greater 
than unity at collector voltages well below the theoretical breakdown 
voltage (Ref. 3, 4, 5, 6); 

3. collector capacitance which in combination with the load resistance 
may severely limit pulse rise time; and 

4. the practical limitation of reproducibly fabricating transistors with 
extremely narrow base layers. With increased understanding of the 
properties of junctions and transistors, it has become possible to de- 
termine whether a given set of circuit requirements can be met, even 
theoretically, by a proposed design. For example, the requirements may 
be that the device operate up to a certain voltage, that at this voltage 
the alpha remain below unity and the collector space-charge region not 
punch through to the emitter, and that the frequency response be high 
enough for the application. 

The maximum permissible base layer width is essentially fixed by the 
specified frequency cutoff. With this base width, the requirement that 
there be no punch-through at the highest operating voltage puts an 
upper limit on base resistivity, since the encroachment into the base 
layer of the collector space-charge region is greater the higher the base 
resistivity. On the other hand, the requirement that the low-voltage 
alpha times the avalanche multiplication of the collector junction be less 
than unity sets a lower limit on permissible collector body breakdown 
voltage. This limit, in turn, sets a lower unit on permissible base re- 
sistivity, since for an alloyed structure the collector breakdown voltage 
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is nearly a linear function of base resistivity. It is only for base resis- 
tivities between these two limits, if such a region exists, that designs are 
possible. 

Since in germanium, holes produce greater avalanche multiplication 
than electrons in a given electric field (Ref. 5), there exists under the 
above condition a greater difference in the maximum obtainable fre- 
quency cutoff of alpha between n-p-n and p-n-p transistors than would 
be expected merely on a basis of the difference in mobility between holes 
and electrons. 

The most general transistor design considerations for a switch involve 
the orF impedance, the on impedance, the switching time, the current 
carrying ability, and the maximum open-circuit voltage. As implied 
above, important interrelations between these switch parameters exist 
which limit the range of possible design. Furthermore, in order to carry 
through a transistor switch design it is necessary to know how the switch 
parameters are related to the terminal behavior of the transistor. The 
large-signal behavior of junction transistors has been discussed in two 
previous papers, and it has been found possible to relate the large-signal 
behavior to easily measurable transistor parameters which are in turn 
intimately related to the physics and structure of the transistor (Ref. 7). 

The plan of this paper will be: 1) to review the switch requirements 
and to specify them in terms of transistor device parameters, 2) to show 
how the device parameters are related to the structure, and 3) to indi- 
cate the method of obtaining a design to meet a given set of switch re- 
quirements or to determine whether or not such a design is possible. 
The discussion will be primarily in terms of a common-emitter pulse 
amplifier since this circuit has proven to be the one which is most widely 
used and since it exemplifies the problems encountered in transistor de- 
sign for switching applications. 


2.0 SWITCH REQUIREMENTS 


2.1 OFF Impepance. In the common-emitter pulse amplifier circuit 
(see Fig. 1) means are usually supplied to reverse bias both the collector 
and emitter junctions in the absence of a driving pulse. Under these 
conditions the collector current is given by (Ref. 7) 


_ Ico(1 — az) 


Ic (1) 


1 — anaz 


where ay and a, are the normal and inverted alphas, respectively. In 
order to make this current as small as possible it may be desirable to 
have an alloyed-junction transistor with an emitter junction which is 
larger in diameter than the collector, thus having a, greater than ay. 
In most cases this is not feasible because ay must be large for other rea- 
sons. About the best that can be done is to use a symmetrical structure 
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with ay = a. The collector current in the orr condition is then given 
by I 
co 
bea (2) 
l+ayn 

which for high alpha transistors approaches 14Jco9, corresponding to an 
OFF impedance of 2Vc/Ic¢o. The value of Ico increases to some extent 
with collector voltage due to avalanche multiplication. In many cases 
there is also a surface leakage current which is not subject to analysis. 





TIME,t —> 


Fie. 1 Transient behavior of common-emitter pulse amplifier. 


In some applications the ac impedance of the switch in the orr con- 
dition is of great importance. It has been found possible to fabricate 
junction devices in which the slope of the reverse junction characteristic 


is consistently greater than 25 megohms. In this event the junction ca- — 


pacitance places an upper limit on the orr impedance. 


2.2 ON Impepancr. The voltage drop across the switch in the closed — 


condition (common-emitter connection) is given by (Ref. 7) 


(a) 
Bah Leal eet | sence 
kT LEP tN ose 


Vigemn mm (she) re arn series (3) 


I 
1+—(1- a) 
Tp 
where k7'/q = 0.026 v at room temperature and the (+) sign applies 


to p-n-p transistors and the (—) sign to n-pen transistors.” (For cur- 
rent definitions see Fig. 1.) The extremely low voltages which result 


* Thin expression in not applicable to grownejunetion transistors which may have — 


10 to 200 ohma of collector body rematance, 
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when the device is driven into the current saturation region are attributed 
to the fact that the collector junction attains a forward bias almost equal 
to that of the emitter junction. In order to obtain a low value of Ve¢g it 
is necessary to have both ay and 2; large, approaching unity, and to 
maintain these values at high currents. Experience has shown that the 
best way to accomplish this is to use a symmetrical structure with a 
thin base layer. 

An expression for the ac impedance of a common-emitter switch has 
also been derived (Ref. 7). The expression shows that if this is the 
switch parameter of primary importance in a given application, it may 
be necessary to drive the switch well into the current saturation region in 
addition to using a device with high ay and a. 


2.3 CurrENT Carryine Asitity. The power dissipation in a tran- 
sistor switch is easily calculable, provided the collector current and volt- 
age waveforms are known. In many cases most of the power will be 
dissipated during the transition from OFF to ON or vice versa. Frequently, 
however, the switch is maintained in the closed condition for extended 
periods of time. During these intervals the power dissipation is given 
approximately by 

Pais = IcVce + In? rps, (4) 


where Veg has a value given by (3) and rgg is the base resistance in 
the current saturation region. For large collector currents, rgg may be 
only a fraction of the base resistance in the active region. It is apparent 
that the transistor should be driven well into the saturation region to 
obtain a low value of Veg. The current carrying ability is determined 
primarily by the allowable power dissipation. 


2.4 Maximum OPEN Circuir Vottace. The maximum open-circuit 
switch voltage exerts a controlling influence on the choice of geometry and 
material constants. If sufficient collector to base voltage is applied to 
extend the space-charge layer of the collector junction through the entire 
thickness of the base layer to the emitter junction “punch-through” (Ref. 
2) results and the emitter and collector junctions behave as if shorted 
together through a battery. In alloyed devices the punch-through volt- 
age is determined by the resistivity of the base material and the shortest 
base distance between emitter and collector. 

Avalanche multiplication (Ref. 3, 4) of the emitter current, which is 
also a function of the collector voltage, places an upper limit on the low 
voltage value of alpha, since at some collector voltage the value of alpha 
must necessarily become equal to unity (Ref. 5, 6) (whether due to body 
or surface avalanche breakdown). This may result in improper opera- 
tion * in the case of common-emitter circuits and other circuits not de- 


*TIt is possible to operate transistors with alpha greater than unity in common- 
emitter pulse amplifier circuits. However, under some driving conditions the 
olroult may be bistable and difficulty will be encountered in turn-off, In general, 
large currenta may be needed for turn-off and the pulse source should have low 
impedance, 
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signed for « >1. The voltage at which alpha becomes one is also the 
maximum voltage which can be sustained from collector to emitter with 
the base open circuited. Avalanche multiplication is related to the body 
breakdown voltage which in turn is directly related to the base layer 
resistivity in the case of alloyed-junction transistors. 


2.5 Swircuine SPEED. Rise time in transistor switching circuits has 
been analyzed by J. L. Moll (Ref. 8). This analysis has been found to 
give sufficiently accurate results, provided the time constant associated 
with the collector capacitance and load resistance is small compared 
with the time constant associated with the frequency cutoff of alpha, i.e., 
RiCc < 1/wy. Rise time in the common-emitter circuit is then given by 


1 1 

i i rasa a Poe (5) 
= tant, 
( ay )wn 100 Qn £01 





an Izy 


where ty is the time required for the collector current to rise to 0.9 of its 
final value and wy is the angular cutoff frequency of the normal alpha. 
The quantity towy is plotted in Fig. 2 as a function of ay for various values 
of Ip/Ic. For sufficiently high values of alpha and sufficiently high values 
of Ip/Ic, the rise time is given by 
to = 0.9 : ae: 





(6) 


wvay Iz 


As an example, if an amplifier is to have a current gain of twenty and a 


rise time of a tenth of a microsecond, fy = wy/2z must be about 30 me. 
If a common-emitter pulse amplifier is driven by essentially a current 


source, the base resistance in the active region does not limit the re- — 


sponse time. 

At the termination of the input pulse the output current remains rela- 
tively constant for a certain period of time because of minority carrier 
storage. During this interval (t, in Fig. 1) the stored minority charge in 
the base layer is flowing out at a rate limited by the circuit resistance. 
Not until the minority carrier density at the base side of the collector 
junction has been reduced to zero by this outflow does the decay of circuit 
current commence (interval t, in Fig. 1). The storage time has been 
shown by Moll to be (Ref. 8) 


QN + WI Ip my Ip 


eect’ (ulimit nti i 8 7 

wywz(1 — ayer) id — ay (7) 
—— Iq, — Ing 

an 


This time is small if the values of normal and inverted alpha frequency 
cutoff are both large, The expeditious way of accomplishing this in an 
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lic. 2 Normalized rise time as a function of alpha for common-emitter pulse 
amplifier. 


alloyed structure is to make the structure symmetrical, in which case the 
expression for storage time becomes 
2 Iz, — Ipe 


ty = ——————~_ hn 
wy (1 = ay”) 1 —ayn 


(8) 





Ici — Ine 
an 
Storage time is plotted in Fig. 3 as a function of alpha for a given set of 
current conditions for a symmetrical transistor. 
Decay time is the interval of time between the end of the storage interval 
and the point when the load current reaches 10 per cent of its value before 
turn-off. It is given by 








an 
Iq. — Tze 
1 1 — ay 
lo = ‘uaaaan n (9) 
-_ a 
MON OA oy — —— Inn 
1 — an 


The time constant associated with the decay time is seen to be the same 
as that associated with the turn-on time, The decay time is usually some- 
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Fic. 3 Storage time as a function of alpha for common-emitter pulse amplifier. 


what larger than the rise time unless relatively large values of base cur- 
rent are used during turn-off. 


3.0 DEVICE DESIGN 


3.1. Junction Capacitancs. Alloyed junctions are usually abrupt or 
step junctions, even though the actual junction may be formed by the 
diffusion of donors or acceptors ahead of the surface of deepest penetra- 
tion of the alloying material. For step junctions of this type the junc- 
tion capacitance is given by (Ref. 9) 


c= (ey “ 


or, for germanium, 


N % 
C =3.4 x 10+ (=) uf /om? (11) 


where V is the total reverse junction bias in volts and N; = |Np — Na| 
is the net density of donors or acceptors in the base region, Capacitance 
per unit area is plotted in Fig, 4 as a function of N;.assuming V » 10 vy, 
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"ia. 4 Resistivity, capacitance (at 10 volts) per unit area, breakdown voltage 
and frequency cutoff factors vs density of impurity centers for germanium. 


3.2 SpacE-CHarce Layer Wiptu. Since the emitter and collector 
regions of alloyed transistors are heavily doped with donor or acceptor 
atoms, their conductivities are high and the space-charge layer associated 
with the junction capacitance extends primarily into the base layer. The 
thickness of this space-charge layer is given by (Ref. 9) 


Qeg\’2/ V \% 
we (2) Ge): 2 
; Ny, (12) 
or, for germanium, 
V\% 
Ws = 4.2 x 10° (—-) em, (13) 
Nr 


The widening of the space-charge layer with voltage limits the resistivity 
and width of the base region, assuming the operating collector voltage is 
specified, If the base layer is sufficiently thin and of high resistivity, the 
space-charge layer may extend over to the emitter at collector voltages 
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Fic. 5 Contours of unity total alpha and constant space-charge width for n-p-n 
alloyed junction germanium transistors. 


below the collector breakdown voltage. The voltage at which this occurs, 
the punch-through voltage, is the same whether it be applied collector 
to base, collector to emitter, or emitter to collector. In Fig. 5 the solid 
curves are contours of constant space-charge layer width plotted with 
junction voltage and base layer resistivity as the independent variables 
for n-p-n transistors. Similar solid curves in Fig. 6 are for p-n-p tran- 
sistors. For a given maximum operating collector to base or collector to 
emitter voltage and a given resistivity of the base layer material these 
curves indicate the minimum base layer thickness that may be used if 
punch-through is not to occur at a voltage below the given value, 
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Ita. 6 Contours of unity total alpha and constant space-charge width for p-n-p 
alloyed junction germanium transistors. 


3.3 Breakpown Vo.tace. The breakdown voltage of germanium step 
junctions when the breakdown voltage is due to avalanche multiplication 
within the body of the semiconductor has been investigated by S. L. 
Miller (Ref. 5) using both alloyed junctions and junctions grown to sim- 
ulate alloyed junctions. The body breakdown voltage thus obtained 
is plotted in Fig. 4 as a function of N;. Also plotted in this figure are 
curves of resistivity versus NV, (Ref. 10) for both n type (labeled p-n-p) 
and p type (labeled n-p-n) material. Body breakdown voltage for a 
given resistivity of base material can thus be read from these curves. 
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3.4 AVALANCHE MuutipuicaTion. The variation of avalanche multi- 
plication with junction voltage for step junctions on germanium is given 
by the empirical equation (Ref. 5) 


ii ectatt ees 
~ 1—(V/Vs)" 


Since current injected by the emitter junction is multiplied by this factor 
upon being collected, the variation of alpha with collector voltage is given 
by the equation 


(14) 


eee te eee 
1 — (V/Vp)" 


when space-charge-layer widening effects (Ref. 11) are neglected. 

For alloyed transistors made on base material in the one to five ohm- 
centimeter range, values of n = 3 for p-n-p transistors and n = 6 for 
n-p-n transistors give multiplications which agree well with experiment 
(Ref. 5). Since values of alpha greater than unity may result in failure 
of junction transistor circuits to operate properly, it is necessary to limit 
the value of alpha at zero collector voltage to such a value that alpha 
will not become greater than unity at the maximum operating collector 
voltage. Alpha is known to vary with temperature and emitter current, 
hence it is necessary to study a over the expected range of these vari- 
ables. In Figs. 7 and 8 are shown typical variations of (1 — a) with 
current and temperature for p-n-p and n-p-n transistors of approximately 


a= aM 


(15) 
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Fig. 7 Variation of alpha with emitter current and temperature for n-p-n tran- 
sistors. 


the same geometry. Fortunately, most transistors of a given type made 
by the same processes show the same type of variation. Therefore, it 
should be necessary to measure a only at a particular current and tem- 
perature to determine its maximum value. 

It is apparent that the alpha of n-p-n transistors shows less variation 
with emitter current than the alpha of pen-p transistors, Furthermore it 
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has been found that the variation is decreased in both types as the 
base width is decreased. 


The dotted curves in Figs. 5 and 6 are contours of constant a plotted 
with collector voltage and base resistivity as independent variables, 
0.4 
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"ia. 8 Variation of alpha with emitter current and temperature for p-n-p 
transistors. 


using (15) and appropriate values of n. For a given maximum collector 
operating voltage and base layer resistivity these curves show the maxi- 
mum values of a which can be permitted if total alpha is not to exceed 
unity at the chosen conditions. 

The curves shown in Figs. 5 and 6 can be used in several different ways 
to design transistors or to determine whether or not a given set of re- 
quirements is compatible. 
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Fia. 9 Alloyed transistor geometry. 


3.5 Base Resistance. The base resistance for the somewhat idealized 
transistor structure shown in Fig. 9 has been calculated by’J. M. Early 
(Ref, 11), It is given by 


livia 1 p (”) 
oe en OE eek edn Lo) 
8 ania tis (16) 
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where the first term represents the contribution due to the base layer 


between the emitter and collector junctions and the second term is the 
contribution of the base wafer between the edge of the emitter and col- 
lector contacts and the ring base contact. This expression is probably a 
good approximation to the base resistance of the transistor in the active 
region, particularly at low currents. As the current increases, the outer 
edge of the emitter becomes more forward biased than the center, thus 
effectively decreasing the base resistance. In the current saturation 
region the base resistance is given approximately by the second term, or 


1 p (2). 
Tp3 = ——In 17 
33 = ow, BM, (17) 
If a common-emitter amplifier is not driven from a high impedance cur- 


rent source, the active region base resistance may seriously limit the 
pulse rise time. 


3.6 FREQUENCY CuTorF or ALPHA. Emitted carriers cross the base 
layer by a diffusion process when current densities are small. Since a 
dispersion in transit time is inherent in such a process, changes in both 
magnitude and phase of alpha with frequency are to be expected (Ref. 


12). The frequency at which the magnitude of alpha falls to 1/V/2 
of its low-frequency value is given by 


D 
fv = Ww?’ (18) 


where D is the diffusion constant for injected carriers. This can be ex 
pressed as 


fv = Ww mc, where W is in mils. (19 


The variation of A with the resistivity of the base layer for alloyed-june 
tion germanium transistors is shown in Fig. 4 for both n-p-n and p-n-p 
transistors. The variation is due to mobility changes (Ref. 10). 
It is, of course, true that at high current densities there is a departure 
from pure diffusion of minority carriers because of induced drift fiel 
(Ref. 13, 14). Furthermore, at high currents the effective base laye 
width changes as a result of a redistribution of emitter current. There i 
also a large body of evidence for anomalous changes of frequency cuto 
of alpha with surface changes. However, it will be assumed that (18) i 
a valid criterion for frequency cutoff at low voltages and currents. 
Because of space-charge layer widening, the cutoff frequency of alph 
should vary with collector voltage. With the use of equations (13) an 
(19) this variation can be shown to be given by 


fy = 
hic (oon) | 
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where fy, is the cutoff frequency at zero voltage. For n-p-n transistors 
made on 1.5 ohm-cm material 
J No 


eee 21 
[1 — 0.016(Vcfn,) 4? is 


fu = 


The variation of alpha cutoff frequency for alloyed-junction n-p-n tran- 
sistors made on 1.5 ohm-cm germanium is plotted in Fig. 10 for several 
values of fy,. Fig. 11 is a more general plot for other resistivities and 
fy,’s. It is apparent that a problem exists in alpha cutoff frequency meas- 
urement as a result of the large variation of fy with voltage. Furthermore 
an exact analysis of rise time and decay time would have to take this varia- 
tion into account. 

It is possible that this increase of fy with voltage may allow some re-— 
laxation of low-voltage requirements in this respect. 


3.7 Discussion. Let it be assumed that a transistor is desired which 
will operate at a collector voltage of 30 v and which, when used as a 
common-emitter pulse amplifier, will give a current gain of twenty with a 
pulse rise time of a tenth of a microsecond or less. The maximum current 
will be assumed to be 100 ma, corresponding to a load impedance of 300_ 
ohms. 
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A reasonable range for e would be from 0.97 to 0.99, the maximum 
limit being imposed because of avalanche multiplication. From Fig. 2 it 
is calculated that the minimum allowable value of fy is 43 mc. From 
Fig. 5 (for n-p-n transistors), assuming a maximum collector voltage of 
30 v and a maximum permissible a of 0.99, it is seen that the re- 
sistivity of the base material must be at least 1.25 ohm-cm and that the 
minimum base layer thickness is about 0.175 mil, corresponding to a fy 
of 144 me from (19) and Fig. 4. Unfortunately, it is difficult with the 
design data plotted as they are in Fig. 5 to obtain the limits on the base 
resistivity and the lower limit on base width which are necessary to in- 
sure freedom from punch-through and alpha greater than unity for a 
specified collector voltage. For this reason the design data have been 
replotted in a different manner in Figs. 12 and 13. Here the avalanche 
multiplication factor M and space-charge layer width W,, both at 30 
v, have been plotted as a function of base layer resistivity. Again 
assuming a maximum 4 of 0.99 this places an upper limit of 1.01 on the 
multiplication and therefore, a lower limit of 1.25 ohm-cem on the base 
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layer resistivity. Since the base layer width must be greater than the 
space-charge layer width the range of base layer width chosen must lie — 
entirely above the curve for space-charge layer width at 30 v. In 
addition, the minimum frequency cutoff requirement of 43 mc means the 
design must lie below the horizontal dotted line. Thus triangle anc 
encloses the region of possible designs. The shaded rectangle seems 
to be the most appropriate design. The frequency range can be read 
directly from the base width scale since this scale has been calibrated in 


me. Assuming a 0.015-in. diameter collector junction, this design can 
be summarized as follows: 


Base layer resistivity—1.25 to 1.75 ohm-cm 
Base layer width—0.21 to 0.32 mil 

Collector capacitance (10 v)—5.5 to 6.4 puf 
Alpha—0.97 to 0.99 

Frequency cutoff of alpha—43 to 100 me 


By studying the data in Figs. 6 and 13 for p-n-p transistors it is seen 
that a design to meet the stated requirements is not possible. Assuming 
a maximum collector voltage of 30 v, the absolute maximum value of 
cutoff frequency would be about 27 me for p-n-p transistors. 

Returning to the n-p-n design, assume that the device has the following 
geometry: 

Emitter dia—0.015 in. 
Collector dia—0.015 in. 

Base layer width—0.00025 in. 
Base wafer width—0.0015 in. 
Base contact dia—0.030 in. 
Base resistivity—1.5 ohm-cm 


then from (16) and (17), rs = 138 ohms and rg3 = 44 ohms. The col 
lector capacitance at 10 v is 5.8 wyf. For a load resistance of 300 ohms, 
RiCce = 1.7 X 10-® sec which is not very small compared to 1/wy = 
3.7 X 10-® sec. If the base is driven by a current source whose internal 
impedance is large compared with 138 ohms, the rise time would prob- 
ably be controlled by the alpha cutoff frequency, however. 


4.0 CONCLUSIONS 


1) The interdependence of transistor parameters has been shown 
set theoretical limits on designs which are possible. In essence, high 
frequency and high-voltage requirements militate against each other. 
design theory which takes these factors into account has been described 

2) For high-speed and high-voltage switching (and transmission 
applications, it is shown that the n-p-n enjoys a superiority beyond tha 
expected from only mobility considerations, The additional advanta 
stems from the different multiplication laws for nepen and p-nep transi 
tors, For example, it is theoretically feasible to make alloyed-juneti 
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n-p-n transistors with alpha cutoff frequencies in the range of 50 to 100 
me which will sustain collector voltages as high as 30 v, and be capable 
of operating as pulse amplifiers in circuits with a current gain of 20 and a 
pulse rise time of less than a tenth of a microsec. A design meeting these 
requirements is not possible with p-n-p’s. In the example chosen, there 
is a ratio of 5.3 between the maximum frequency cutoff of alpha obtain- 
able with n-p-n transistors as compared with p-n-p transistors for the 
same maximum value of low-voltage alpha. 

The design theory developed above gives upper limits on what can be 
achieved. It has been assumed that there are no fabrication problems 
and that geometrics are ideal, namely, that the junctions are perfectly 
planar and parallel. Furthermore, it has been assumed that the break- 
down and multiplication properties of collector junctions are determined 
by the bulk properties of the junction. In many cases there are break- 
downs on the surface at lower voltages. These are frequently multipli- 
cative but they multiply a very small fraction of the emitter current. 
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5D. DESIGN THEORY OF JUNCTION TRANSISTORS * 


J. M. EARLY 

The small-signal ac transmission characteristics of junction transistors 
are derived from physical structure and bias conditions. Effects of minor- 
ity carrier flow and of depletion layer capacitances are analyzed for a one 
(limensional model. The ohmic spreading resistance of the base region of 


* Originally published in B.S,7'J., Vol. 82, Nov, 1953. 

The general point of view taken here has been much influenced by discussions 
with J, A, Morton, Comments and criticiamsa by R, M, Ryder have been particu- 
larly helpful in the preparation of this material, 
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a three dimensional model is then approximated. Short-circuit admit- 
tances representing minority carrier flow, depletion layer capacitances, 
and ohmic base resistance elements are then combined into an equivalent 
circuit. Theoretical calculations are compared to observations for two 
typical designs. 


1.0 INTRODUCTION 


1.1 GeneRAL. Junction transistors have been in commercial produc- 
tion for several years. A detailed understanding of their behavior is 
necessary both for the increasingly exacting requirements of modern cir- 
cuit engineering and for the wise design of improved types. Design 
theory, by relating function to structure, can serve both these needs. 

The principal object of this paper is to develop in logical fashion a 
design theory for junction transistors. The product of the development 
is an equivalent circuit, founded on device physics. Although attention 
is concentrated on small-signal transmission performance, some large- 
signal aspects are also examined. 


1.2. Meruop anp Assumptions. The usefulness of the junction trans- 
sistor derives primarily from the flow of holes or electrons across two 
closely-spaced p-n junctions, one of which is biased in the forward or 
conducting direction while the other is biased in the reverse or non-con- 
ducting direction. Development of design theory begins quite properly 
with analysis of this mechanism, which is considered, for simplicity, as 
a problem in the flow of holes and electrons in one dimension, at right 
angles to the p-n junctions. In the analysis, it is assumed that these 
carriers are controlled largely by the voltages applied to the junctions 
and that they move principally by diffusion. The dependence of the 
diffusion currents on the junction voltages is reduced to a set of tw 
terminal-pair short-circuit admittances, which form the initial and most 
important segment of the quivalent circuit model for the junction tran 
sistor. 

Practical transistors have not only the very useful transisting mecha 
nism mentioned above, but also passive capacitances across the charg 
depletion layers which separate the p and n regions at each junction, 
These capacitances limit the useful frequency range of transistors and 
must be considered in any practical theory. In the synthesis of the 
equivalent circuit, these capacitances are placed in parallel with the 
short-circuit input and output admittances which represent the flow of 
diffusing holes and electrons. 

A further limitation on performance is imposed by the ohmic or body 
spreading resistance of the base region. The base current of the tran 
sistor, in flowing from the region between the emitter and collector to th 
base contact, develops a base-contact to emitter voltage which serious! 
limits the frequency response. Calculation of these effects requires th 
assumption of flow paths for the base current, The cireuit elements reps 
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resenting base spreading resistance effects appear in series in the base 
leg of the equivalent circuit. 


1.3 Existinc Design TurEory. W. Shockley’s classic paper (Ref. 1) 
announcing the junction transistor also initiated the design theory. 
Diffusion effects for de and low frequencies were analyzed, and formulas 
for depletion layer capacitances were developed. The mechanism of the 
frequency cutoff of the current transmission (alpha) was reported in a 
subsequent article (Ref. 2), and the effects of ohmic resistance of the 
base region were discussed briefly. Later, the dependence of base: thick- 
ness on collector voltage was used to explain output and feedback effects 
(Ref. 3). The present discussion is both a consolidation and an exten- 
sion of the earlier works and borrows freely from them. The diffusion 


current analysis of Appendix A of this article is patterned after 
Shockley’s. 


1.4 Scorer. The design theory developed here is not complete, even 
for small-signal ac transmission. In particular, effects of large carrier 
emission densities are not considered, nor are the effects of non-parallel 
junction arrangements. Despite these omissions, it is hoped that the 
theory developed will be both useful and instructive to those engineers 
charged with transistor device and transistor circuit design. 


2.0 METHODS AND ASSUMPTIONS 


2.1 GENERAL. In developing the design theory, it is convenient to 
break the transistor down into several internal electronic functions and 
to consider their dependence on structure and materials individually. 
These functions are then fitted together and used to predict the terminal 
electrical characteristics. With this approach, it seems proper to de- 


scribe separately the methods and assumptions used in analyzing each 
of the functions. 


2.2 Minority Carrier ApMITTANcES. An admittance representation 
of minority carrier diffusion is a way of writing the dependence of the 
diffusion currents on the junction potentials. To obtain this dependence 
analytically, the minority carrier densities on both sides of each of the 
(wo depletion layers (emitter and collector) are assumed to be exponen- 
tial functions of the junction voltages. This exponential dependence is a 
result of the normal thermal distribution of hole and electron energies. 
‘The carrier diffusion currents are computed directly from the gradients 
of the minority carrier densities at the depletion layer surfaces. Since 
the gradients of the carrier densities are affected by many conditions 
hesides the junction voltages, additional assumptions are necessary. Their 
nature and pertinence may be seen from consideration of the normal 
operation of a junction transistor. 

The three principal regions of a junction transistor, the emitter, the 
base or control, and the collector, are indicated in Fig. 1, These regions 
wre separated by transition regions in which the conductivity type 
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changes either gradually or abruptly from p type to n type. Roughly 
coincident with these transition regions are the emitter and collector 
depletion layers across which the emitter and collector voltages appear 
when the unit is biased. In normal operation for the p-n-p transistor 
shown, the emitter is biased positive with respect to the base so that a 
current of holes is injected into the base from the emitter. The collector 
is biased negative with respect to the base so that the holes diffusing 
across the base from the emitter are collected whenever they reach the 
edge of the collector depletion layer. 

In the analysis each of the three major regions is assumed to have a 
uniform resistivity, p; a diffusion constant for minority carriers, D, 


EMITTER BASE COLLECTOR 





p n p 
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LAYER LAYER 


Fic. 1 p-n-p transistor. 


which is a measure of the speed with which injected carriers will diffuse; 
and a lifetime for minority carriers, r. This lifetime is the average time 
during which a minority carrier remains free before recombining with a 
majority carrier. The minority carrier density in each region is assumed 
to have a thermal equilibrium value in the absence of applied potentials. 
The density is increased or decreased exponentially from this value by 
the applied potentials. The base layer is assumed to have a thickness, w, 
which is dependent on the collector voltage, V,. An increase of collector 
voltage increases the collector depletion region thickness, x,,, thus de- 
creasing the base thickness. The rate at which base thickness changes 
with collector voltage is determined by the nature of the transition 
from base to collector. For gradual transitions, the rate of the transition 
is important, while for abrupt or step transitions the rate of change of 
base thickness with collector voltage is determined by the base region 
and collector region resistivities. 

Determination of the diffusion currents from minority carrier density 
gradients requires determination of minority carrier densities everywhere 
in the three principal regions of Fig. 1. These are obtained by solving & 
continuity equation for carrier flow in each region, subject to the applied 
junction potentials and other assumptions described above, It must be 
pointed out that, in normal operation, there may be a significant flow 
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of electrons to the emitter and from the collector in the p-n-p transis- 
tor of Fig. 1. Small-signal ac diffusion currents are determined by as- 
suming small-signal variations of the junction voltages and discarding 
all but first order ac terms from the diffusion currents. 

Results of the analysis are given in Section 3.0, and the analysis 
appears in Appendix A of this paper. 


2.3. DerpLetion Layer CapaciTaNces. In a p-n junction with no bias 
potential applied, there is a tendency for holes to diffuse into the n region 
and for electrons to diffuse into the p region. This diffusion creates a 
slight unbalance of charge in the two regions and the resulting electro- 
static potential keeps each type of carrier in its own region. The po- 
tential appears across a thin layer separating the two regions. In this 
depletion layer, the hole density is lower than in the p region, the elec- 
tron density is lower than in the nm region, and there is a net charge 
density. Acceptor and donor atoms are not neutralized by mobile charge 
as they are in the p and n regions, but instead serve to terminate the field 
of the electrostatic potential. Application of external potential across 
the junction changes the electrostatic potential, and by exposing more 
or fewer fixed (donor and acceptor in equal number) charges widens or 
narrows the depletion layer. 

The passive capacitance of this region is simply that of a parallel 
plate condenser having a plate spacing equal to the layer thickness. 
Calculation of this capacitance is explained in Section 3.0, following 
the discussion of the minority carrier diffusion admittances. 


2.4 Base Spreapinc Resistance.* Implicit in the one-dimensional 
analyses described above is the assumption that the base region is every- 
where at the same potential. Actually, since the emitter and collector 
currents are not equal, current must flow through the base region parallel 
to the junctions. Because the base region has finite, rather than zero 
resistivity, this current produces transverse voltage drop in the base 
region. 

It is assumed that the most important effect of these voltage drops is 
the feedback produced between the base contact and the emitter junc- 
tion. In consequence, each of the ohmic base resistances studied is de- 
fined as the quotient of an average voltage between base contact and 
emitter junction divided by the current producing it. The need for 
defining more than one feedback base spreading resistance results from 
the fact that the base current has two principal ac components. One of 
these is the difference between the emitter and collector minority carrier 
(diffusion currents. The other is the collector depletion layer capacitance 
current, The feedback effects of these two currents on the emitter junc- 


* The majority carrier resistance of the base region for base current flow parallel 
to the junctions, The word “spreading” was suggested by the base contact geome- 
try of Fig, 2(a) and readily distinguishes this resistance from the “base resistance” 
of the familiar tee network, which was long believed to be identical with it, It is 
not, See Sections 6.2 and 63, 



























294 PRINCIPLES OF TRANSISTOR DESIGN 


tion are the same only when the flow paths of the two currents through 
the base region are the same. Consequently, the representation of base 
resistance effects is somewhat more complicated in transistors where the 
flow paths differ than in those where they are identical or nearly so. 
Fig. 2(a) shows a structure for which the flow paths to the base con- 
tact are substantially the same for all components of the base current. 
Both the collector capacitance current and the diffusion loss base 


EMITTER 
| 


BASE 





COLLECTOR 


1 
SECTION A-A' 





SECTION A-A! 


SECTION B-B' 
(a) (b) 


Fig. 2 p-n-p transistor structures. 


current enter the base region substantially uniformly over the entire 
area and follow the same path to the base contact. In Fig. 2(b) these two 
currents have quite different flowpaths and the associated feedback 
resistances are likewise very different. The general method of calcula- 
tion is, however, the same in both cases. 

Another important effect is associated with modulation of the de 
voltage drop in the base region. The base current ordinarily has a dé 
as well as an ac component, and a de voltage drop occurs between the 
base contact and the emitter junction. Since the base region thickness 
changes when collector voltage changes, the de resistance of the ba 
region is modulated by the collector voltage, producing a modulatio 
of the de voltage between base contact and emitter (Ref, 4). This eff 
is most easily represented by an ac voltage generator in series with th 
base contact, The voltage is computed as the produet of the de base 
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current and the modulation of the de base resistance. This modulation 
ean be calculated from the base region resistivity and the dependence 
of base thickness on collector potential. 


2.5 Summary oF MetuHops. In developing the design theory, simple 
physical assumptions are made concerning the behavior of the charge 
carriers in the semiconductor. The transistor is studied as a one-dimen- 
sional problem and the per unit area electrical characteristics of the one- 
dimensional structure are computed. The effects of current flow within 
the base region parallel to the junctions are then calculated for a three- 
dimensional model. Finally, the equivalent circuit representations of 
these electronic functions are combined in structural fashion to give the 
terminal electrical characteristics of the junction transistor triode. 

It should be noted that the base region thickness between emitter and 
collector is assumed uniform, and that design theory has not been ex- 
tended here to cover the case of non-uniform thickness. Likewise, edge 
effects at the emitter and surface effects in general are neglected. 
These omissions were made for mathematical simplicity and are neces- 
sary omissions in a one-dimensional analysis. The place of surface leak- 
age among the electronic functions is discussed at the end of Section 4.0. 
Analysis of the effects of sharp discontinuities in base layer thickness 
requires new solutions to the continuity equation but gradual changes 
in thickness can be accounted for by averaging over the active area of 
the transistor the short circuit admittances which are the subject of the 
next section. 


3.0 ONE-DIMENSIONAL TRANSISTOR 


38.1 GeneRAL. This section deals with the small-signal transmission 
electronics of the structure of Fig. 1. It is assumed that the emitter is 
biased to provide a flow of carriers into the base and that the collector is 
reverse biased sufficiently so that no majority carriers can diffuse out of 
the collector region into the base region (a reverse voltage of 0.5 v is more 
than enough to prevent this). The four admittances associated with 
minority carrier flow and the two depletion layer capacitances are indi- 
cated in Fig. 3. In each case, the design expressions are given first in 
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their most exact form and are progressively simplified. For convenience 
in discussion and comparison, current densities per unit area rather than 
currents are used and the admittances and barrier capacitances are 
written on a per sq cm basis. It will be noted that transverse voltage 
drops resulting from base spreading resistance are ignored in developing 
the expressions of this section. 

A number of physical mechanisms are involved in the admittances 
for minority carrier flow. The forward current across the emitter junction 
rises as an exponential of the emitter to base region voltage. This is the 
result of the thermal energy distribution of minority carriers and is com- 
mon to all thermionic emission. A natural effect of this exponential de- 
pendence is that a given change in the voltage results in a fixed per cent 
change in the current, thus producing an ac admittance which is pro- 
portional to the average or de emitter current. For several reasons, not 
all of the current which flows through the emitter junction is collected. 
First, some of the emitter current consists of electrons diffusing into the 
emitter body and of displacement current through the emitter depletion 
layer capacitance. These effects are expressed in the emission factor or Y 
which is the ratio of the hole current injected into the base region to 
the total emitter current. Further, some of the injected holes recombine 
in the base layer. Those which are collected suffer a transit delay which 
results in a phase difference between emitter and collector currents. 
These two effects are summed up in the forward current transport factor 
or 8, which is the ratio of the minority carrier current reaching the col- 
lector to that injected by the emitter. Finally, the current of holes enter- 
ing the collector from the base gives rise to a much smaller flow of 
electrons from the collector to the base, thus producing a collector multi- 
plication factor or a*, which is the ratio of total carrier current’ crossing 
the collector junction to the hole current entering it from the base. 

Although the most important minority carrier flow originates at the 
emitter, this flow is altered by changes in collector reverse voltage. As 
the collector reverse potential is increased, the base region becomes 
narrower because of widening of the collector depletion layer. This re- 
duction in base thickness permits more emitter current to flow for a 
fixed emitter to base voltage, so that both emitter and collector currents 
are increased, thus producing output and feedback admittances. How- 
ever, since large changes in collector potential are required to produce 
small changes in base thickness, relatively small changes in the junction 
currents are produced and the admittances are far smaller than those 
associated with change of emitter potential. 


3.2 Dirrusion CurrENT ADMITTANCES. The short-circuit two termi- 
nal-pair admittances associated with the diffusion of minority carriers 
in the structure of Fig. 1 are; 


(1 ++ iwry)'# tanh wo/(Dpry) 
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(1+ iwrp)”* tanh vol Oren) E “|, 
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in which Ipc, Ine, and I, are average hole and electron currents at the 
emitter and collector junctions and I, is the emitter reverse current 
measured with both junctions reverse biased. wo is the (time) average 
base region thickness and V, is the average collector voltage. The de- 
pletion layer capacitances which shunt the input and output diffusion 
admittances, Yee and Ycc, are discussed in Section 3.3. 

Some general features of the admittances may be noted at once. The 
expressions are similar to those for a section of lossy transmission line, 
but differ significantly in the ordering of the magnitudes of the terms. 
Each of the admittances is proportional to a de current, and in fact, 
since I. is ordinarily 90 per cent or more of Je, approximately the 
same de current. This effect, which results from the exponential depend- 
ence of emitter current on emitter potential, can be related to the 
transmission line analogy by the argument that the increase in minority 
carrier density in the base region which accompanies increase of de 
current lowers the characteristic impedance of the transmission line. 
Finally, the last two terms, the feedback and output admittances, are 
smaller than the first two by approximately 


kT ow 


qWo 0 V~. 





which is usually 10~% or less, but the four form a rather symmetrical set. 

The symmetry of the terms can be seen by removing the dissymmetries. 
The term Ine (1 + twrne) iN Yee results from diffusion of electrons into the 
emitter from the base and is the emission loss term which makes ¥ less than 
unity. The factor (1 + onc/op-) which appears in Yce and Yee is the col- 
lector multiplication factor a* which results from the flow of electrons out 
of the collector body. If y and a* are assumed to be unity, the admittances 
assume a more symmetrical form. In that case Yce/Yee = Yeo/Yee i —B, 
the base transport factor, and the forward and reverse current transmission 
ratios are identical. This can be seen more clearly if the hyperbolic expres- 
sions are replaced by the first two terms of their polynomial expansions, 
yielding 


(1 + 1w/ Wa) ‘ 
Yee ay tet (1 + iw/Bwe)’ 
= Bodeo 
Voo 


- 1 + 1aa/Seie' 
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ee = — Boece ; 
ee ae tw/3we’ 
- + iw/ Wa) 
Yeo = Sg ee 
i + tw/ Bw’ 
where 
I./kT ey (1422) 
Jee = Qe ) Jee = w av. pe 2 Dyty ’ 
2D 1 wo 
@=—s and ~=1—--— 
Wo 2 Dptp 


is the low-frequency value of the base transport factor. A lumped param- 
eter equivalent circuit for these simplified admittances is shown in detail 
in Fig. 4(a). 
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Fic. 4 Simplified equivalent circuits for one-dimensional transistor. 


It is apparent here that a single parameter, w, = 2D,/wo”, specifies the 
frequency variation of all four admittances. This frequency dependence, 
which has been commonly measured as the alpha cutoff frequency or three 
db point (Ref. 5) of the current transmission amplitude, appears in the 
admittances in the form of storage capacitance or as transfer delay. These 
result from minority carrier storage in the base region and are of the same 
nature as hole storage capacitances in semiconductor diodes, 

If desired, further simplication can be obtained by eliminating the effec- 


tive power loss in the storage capacitances as shown in Fig, 4(b), In thia- 
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arrangement, as in the more rigorous forms preceding it, the forward trans- 
fer admittance y¢¢ is a little smaller than the input admittance y.. and the 
feedback admittance y-- is not quite as large as the output admittance Ycc. 
This makes the circuit delta (YeeYec — YceYec) greater than zero so that the 
structure is inherently stable when y and a* are unity. 


3.38 DEPLETION Layer Capacirances. Even in the absence of applied 
potentials, there exists at useful p-n junctions a depletion layer in which 
the density of mobile carriers is low, and across which there is a small 
electrostatic potential. The potential difference across the region exists 
primarily because of the difference in energy levels btween the conduc- 
tion band in which the mobile electrons exist and the valence bond band 
in which the mobile holes move. The potential difference depends on the 
densities of holes and electrons in the p and n regions, but it cannot exceed 
the energy gap or difference in band levels, so long as the junction is at 
equilibrium. 

If a reverse voltage is applied to a junction, the applied voltage ap- 
pears principally across the depletion region, where it strengthens the 
electric field by widening the barrier region so as to bring more fixed 
donor and acceptor charges into the field. It is obvious that the depletion 
region has a capacitance, since an electric field exists across it. This 
capacitance decreases with increase of reverse voltage, since the capaci- 
tance is charged not by bringing mobile carriers to fixed electrodes but 
rather by widening the region to include new fixed charges from the 
semiconductor regions on each side. 

Both emitter and collector capacitances may be calculated easily 
for the principal cases of published engineering interest, the graded 
transition and the abrupt or step transition. For graded transitions, the 
depletion layer is in a region of linearly changing fixed charge density 
(zero at the center of the layer). The step junction has the barrier layer 
almost entirely in either a p or an n region of uniform fixed charged 
density, since the fixed charged density in the other region is usually so 
large that the field effectively terminates at its surface. 

The general expression for barrier capacitance is 

Cas 
Tm 
where x» is barrier thickness and the other symbols have conventional 
meanings. In the case of graded junctions, this expression becomes 


C = “2 ( aad \" 
2 \8xeqV’, 


where a is the rate of change of fixed charge density in charges per cm? 
perem, For step junctions, the relationship is 


WNa a ee, 
QxeoV', 
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where (Nq — N,) is the fixed charge density in the low charge density re- 
gion, ordinarily the base region in transistors. The potential V, is the 
electrostatic potential across the depletion layer and under bias conditions 
is the sum of the equilibrium barrier potential and whatever part of an 
applied external potential is not lost in JR drops in the p and 7 regions. 
For reverse bias conditions, the sum of the equilibrium potential and 
the entire applied potential is almost always a satisfactory approxima- 
tion, but for equilibrium and forward bias conditions, the barrier po- 
tential may be computed more easily from the minority carrier den- 
sities immediately adjacent to the depletion layer. 
The equilibrium barrier potential may be calculated by 
(ose 
q Np Pn 


in which np, py and n,, p; are, respectively, equilibrium and intrinsic carrier 
densities in the two regions. The total depletion region potential for a 
forward biased emitter junction may be calculated by the same expression 
but the hole density at the base region side of the emitter depletion layer is 
not the equilibrium value p, but rather 


Wod e 
qDp 


which is simply a modified form of the equation for diffusion current. 
Because of the large difference in the voltages across the barriers, emitter 
depletion region capacitance per unit area is ordinarily 2-20 times larger 
than the collector depletion region capacitance per unit area. It should 
not be assumed that emitter depletion region capacitance is the more 
important. It contributes but a small fraction of the emitter admittance, 
while the collector depletion layer capacitance contributes greatly to 
collector admittance. 





P 


3.4 Summary. A one-dimensional study of the small-signal transmis- 
sion properties of the junction transistor shows two terminal-pair short- 
circuit admittances which are closely proportional to the de bias currents. 
The input and output admittances of this set are shunted by depletion 
layer capacitances which are essentially passive circuit elements. A 
major feature of the diffusion current admittances is the presence of a 
single frequency determining factor, the alpha cutoff frequency. Com- 
parison of the diffusion or storage capacitances with the depletion region 
capacitances shows that the collector depletion region capacitance is 
usually much larger than its storage capacitance, while at the emitter the 
reverse is true. This results from the fact that the output and feedback 
minority carrier admittances are many orders of magnitude smaller than 
the input and forward transfer terms. The output and feedback admit- 
tances decrease with increase of collector reverse voltage in much the 


same way that collector capacitance decreases, while the input and for-— 


ward transfer admittances are but little affected, 
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This simple picture of the junction transistor is incomplete in that it 
ignores the important effects of majority carrier resistance in the base 
region. These effects are discussed in the next section. 


4.0 EFFECTS OF BASE REGION RESISTANCE 


4.1 GENERAL. The resistance of the base region to the flow of cur- 
rents parallel to the emitter and collector junctions is important prima- 
rily because of voltage developed between the base contact and the emitter 
junction. Necessarily associated with this is power dissipation which is 
usually, however, of less importance than the feedback effect of the 
voltage. 

The primary factors in determination of base region feedback voltages 
are the materials and geometry of the base region and the flow paths for 
the transverse currents moving through the base region to the base 
contact. Reduction of the base region resistance effects to equivalent 
circuit elements permits them to be incorporated in the equivalent cir- 
cuit obtained in the previous section. This circuit is then an essentially 
complete model for the electronic mechanisms or functions in junction 
transistor triodes. 


4.2 Base ReGIon Currents. Two of the three principal components 
of the base current have nearly identical origin and flow paths, while the 
third component differs in origin and may differ greatly in flow paths to 
the base contact. The de component of the base current arises prin- 
cipally from recombination of injected holes in the portion of the base 
between emitter and collector,* as does also the ac component associated 
with the diffusion admittances. The ac component of base current re- 
quired to charge the collector barrier capacitance, however, is introduced 
into the base uniformly over the surface of the collector. The ac com- 
ponent required to charge the emitter capacitance is both small and 
similar in flow paths to the first components discussed. 

For the structure of Fig. 2(a), all current components are introduced 
into the base layer relatively uniformly over its area. The dc component 
and the (1 — a) or diffusion component originate within the layer vol- 
ume, while the collector capacitance current is introduced from the 
collector side of the layer, but this difference is of little consequence. The 
transverse current density is largest at the base contact and diminishes 
monotonically to zero at the layer edge opposite the contact. The feed- 
back voltage to the emitter junction consequently rises most rapidly 
close to the contact and becomes nearly constant as the opposite side 
of the base region is reached. 

For the structure of Fig. 2(b), significant differences in flow paths are 
apparent. The transverse current densities are zero at the center of the 


*In some transistors, much of the recombination occurs on the exposed surface 
of the base region. This surface recombination may be replaced by a reduction of 
volume lifetime for a one-dimensional analysis, This is not exact, but is a fair 
approximation, 
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unit and rise out to the edge of the emitter. Here the de and (1 — a) com- 
ponents of current density begin to decrease because of the increasing 
cross-section of the base region, while the collector capacitance compo- 
nents continues to increase because of the additional contribution from 
the larger collector area. All components decrease in density beyond the 
collector circumference. It is apparent that two feedback resistances 
are required to describe the separate electronic functions in this case. 


4.3 EFFECTIVE FEEDBACK RESISTANCES. The resistance effects of im- 
portance are not the series resistances to the flow of the various current 
components through the base region to the base contact, but rather the 
feedback resistances defined by the quotient of the average base contact 
to emitter junction voltage by the current component producing the 
voltage. The calculations necessary to determine such resistances are 
detailed in Appendix B of this paper. 

For the structure of Fig. 2(a), a single equivalent resistance given by 


reas (B) a 
w w 


is sufficient. Both (1 — a) and C, current components pass through this 
resistance en route to the base terminal. In the structure of Fig. 2(b), the 
(1 — a) or diffusion current component has an effective feedback resist- 
ance of *- 

1 
je 


8rw, 2rwe 








1 
io pp | In (r2/ry) + aa In (o/s) 
Ws 


while the collector capacitance component of base current has associated 
with it a resistance 








1 
Tb. = o»( In (r3/r2) + (71/r2)? | 


27rws 


1 aoe 1 | 
YE — WD 
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For the proportions shown, the ratio of r’,, to r’», is approximately 1.5 to 





one. Reasonable variations in the proportions can make this ratio as small 


as unity or as large as five. 

A common feature in these resistances is the presence of the base region 
thickness w in the denominator. Since low values of base spreading resist- 
ance are desirable, this requirement opposes directly the primary require- 
ment for a high alpha cutoff frequency—a thin base layer. 


4.4 Base Resistance Mopunation Freppack, As was mentioned 
previously, the de voltage drop between the base contact and the emitter 


junction is modulated by the widening and narrowing of the collector 


* This value of r', 6 an upper bound, since the assumptions are possimiatio, 
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depletion layer which alternately increases and decreases the de base 
resistance. The resulting ac voltage may be represented by a voltage 


generator in series with the base resistance, as 


or’, dw 
—_——» 
ow OV, - 


where J; is the dc base current, V, is the de collector voltage, v, is the ac 
collector voltage, and py.v- is the feedback voltage. 

For the structure of Fig. 2(a), the expression given earlier for 7’, may be 
differentiated to obtain the dr’,/dw. The calculation of dw/dV, has been 
indicated in Section 3.0. The resulting expression for yu», is approximately 


Moelc = — 


I r "y ow 
Hoe & Ly — ; 
be b ‘i av. 

Determination of this feedback effect for the structure of Fig. 2(b) is more 
difficult. Only those portions of the base region adjacent to the collector 
barrier are affected by the barrier widening, so that only the first two terms 
in the expression for r’y, given above enter into the calculation. The value 


raed 
on ag ; ( Ph 2) aw 
~ ——. n— : 

ne ci 8rw,? Arw.”— 71/7 AV~ 


This feedback term cannot be reduced to an expression containing 1’,, 
in the same simple way possible for the structure of Fig. 2(a), since the 
base resistance between the collector circumference and the base contact 
is not changed by collector depletion region thickness changes. 

The details of the base contact may change the magnitude of this 
feedback greatly. In particular, poor placement of a bonded base con- 
tact may sometimes result in very large values of po.. A point of general 
interest is that the sign of the feedback is determined directly by the 
direction of base current flow, while the phase is otherwise exactly that 
of the collector voltage. 











4.5 EQuivALENT Circuit witH BasE Resistance Errects. The base 
resistance effects discussed above can be combined with the admittance 
circuits obtained in the one-dimensional study of Section 3.0 to give 
equivalent circuits for the three-dimensional structures of Fig. 2. The 
resulting representations, shown in Fig. 5, reflect the geometry of these 
structures since the base resistance elements are shown in a branch 
through which the base current must flow to reach the base terminal. 
All of the effects can be seen to give feedback, which is to say, coupling 
from the output circuit of the collector to the input loop of the emitter. 
This leads to complication of the electrical characteristics of the tran- 
sistor, whose characteristics would otherwise be given by the electronic 
functions developed in the previous section, 

Fig. 5(a) is an equivalent circuit which represents the small-signal 
transmission properties of the structure of Fig. 2(a), It should be noted 
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Fie. 5 Equivalent circuits for junction transistors. 


that a single base resistance is needed, through which all of the base 
current passes. The effects of surface leakage are indicated by the ad- 
mittance Y; from collector terminal to base resistance. The indicated 
uncertainty of placement of this leakage effect with respect to 1’, reflects 
the fact that the feedback resulting from the leakage depends on the 
position of the leakage with respect to the base contact. 

The structure of Fig. 2(b) is represented by the circuit of Fig. 5(b). The 
separate base resistances r’y, and 7’,, mirror the physical fact that the col- 
lector region is, on the average, closer to the base contact than is the emitter 
region. Leakage effects may be added to this circuit in the same manner 
as before. 

Although the circuits of Fig. 5 represent primarily small-signal ae 
transmission functions in the transistor, very similar representations 
may be employed for large-signal functions, The principal changes occur 
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in the diffusion admittances, which should be replaced by the diffusion 
currents written as functions of the barrier voltages, and in the capaci- 
tances, whose variation with barrier potential must now be considered 
explicitly. 


5.0 DESIGN CALCULATIONS 


5.1 Gernerau. The understanding of junction transistors is now suffi- 
ciently advanced that this type of device is designable—the engineer may 
work from requirements to choice of structure and material. The limi- 
tations on designability are now primarily lack of adequate control over 
manufacturing variables together with the inherent characteristics of the 
semiconductor materials available to the designer. The designability 
of the major small-signal transmission parameters of junction devices 
is illustrated below by a comparison of calculated and measured charac- 
teristics of both grown and fused junction devices. 

The characteristics calculated are the theoretical short circuit con- 
ductances and current transmission ratios (alphas), the current trans- 
mission three db cutoff frequencies, the collector capacitances, the base 
region spreading resistances, and the low-frequency values of the “h” 
parameters. The latter are computed because of their ease of measure- 
ment and interpretation and are compared with measured values. 


5.2 n-p-n Drawn JUNCTION TRANSISTOR. The properties assigned to 
this unit are believed to be reasonable, but a close check on many of them 
is very difficult. Base region thickness was chosen as a reasonable value 
for current practice. The physical structure is that of Fig. 2(a), with the 
bar cross-section a square 20 mils on a side. It should be noted that the 
assumptions made are consistent; e.g., the grading of the collector junc- 
tion is consistent with the collector and base region resistivities. 

The physical parameters of interest are: 


V. Collector voltage, 4.5 v, 

I, Emitter current, —1 ma, 

w Base thickness (not including depletion layers), 3.6 X 107? em or 
1.41 mils, 

p» Base resistivity, 1 ohm-cm, 

ry Electron lifetime in base, 10 usec, 

p. Emitter resistivity, 0.01 ohm-cm, 

re Hole lifetime in emitter, 0.45 usec, 

p. Collector resistivity, 1.7 ohm-cm, 

re Hole lifetime in collector, 30 usec, 

a Concentration gradient in junctions, 3 X 10'* atoms/cm‘, 

A Junction areas, 0.0025 em?. 


The parameters of this unit are then 


4 I 10° 0,039 mh 
wu——e— axwW— A m 0; 
Oe en” 0.026 
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2 
Yo = ———-—___—_- = fen aod + 0.008 = 0.992; 
Pe ——— ° 
1+ — w/V Dor. 
Pb 





B [3 | 1 — 0.0072 
o=~ 2D,r =1-0. = 0.993; 


1 One 


at 25°C ay* ~ [1 + =| = 1 + 0.0003 ~ 1.0003; 


ne 
70°C ao* + 1.03, 
25°C Ace = YoRouo* = 0.992 X 0.993 X 1.0003 = 0.985, 
70°C dee = 1.015. 
tm 6X 10~4 











Now = — =16x 10% , 
av. 6. 6X6 ee 
1 dw I h (w/L 
Gee val cosh (w/Ln), 
kT dw 
~ — — Gee = 0.026 X 1.6 X 107° X 0.039 
qu aV, 


= 4.5 umhos. 
The parameters which determine frequency response are 
Wa Dn 90 
29 mu? @6x 10 Pm 


Cr ~ 2400 puf/cem? for collector, 


Jo 





Cr ~ 6500 uyf/cm? for emitter, 
so that 


Cr, = 6 uf 
Cr, = 16 up. 


The electron storage capacitances of the emitter and collector diffusion 
admittances of this n-p-n transistor are: 


Yeo _ 0.039 
1.Bog 1.5 X 2.45 X Im X 10° 


Coe = 





= 1690 upf, 


ee 


Cu = . 
1,5, 





= 0,2 uf, 


It is obvious that diffusion effects are most important at the emitter, while 
depletion layer capacitance is important at the collector, , 
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The ohmic base spreading resistance of this unit is given (probably 
within a factor of two) by 


pb 1.0 
ry &— = ————} = 278 ohms. 
w 3.6 X 1073 


The low-frequencies values of the hybrid (“h’’) parameters may be cal- 
culated from the conductances, etc., given above, but more direct methods 
are available and are used. The expressions required for both types of 
computation are given, however. 


hor ™ —Gee ~ —0.985; 
hig ~ (Gee/ Jee) + hoar’s + bbe} 
kT dw 


YS =— 


ete < 107% 
qu OV, 





JeceJYee — JecYce 

ho ™ os Ycel 1 = AecAce] 
Jee 

0 


w 
OV, 





I. 
g'c = ho = a [2(1 — Bo) + (1 — ¥0)] = 0.11 umho; 


1 
hy oe + (1 . Ace)?’ b, 


ee 


~ 26 + (0.015)278 ~ 30.5 ohms. 


These parameter values are in the range commonly encountered in drawn 
crystal units of good quality. It is obvious that this unit may be unstable 
at high temperatures, since the current transmission factor (alpha) is 
greater than unity at 70°C. The rise in alpha is the result of the very large 
increase in the hole density in the collector which accompanies the tempera- 
ture rise. 

In terms of the conventional tee network of r., 7s, 7, and a, two points 
are interesting. First, the collector resistance r,~ 1/ho2 ~ 9 megohms 
may seem very high. Actually, the lower values so commonly encoun- 
tered are primarily the result of high leakage conductance, rather than of 
large electronic conductance. Second, the tee network base resistance 
ry) & hio/hez ~ 1000 ohms is nearly four times the high-frequency feed- 
back base resistance of 278 ohms. 


5.3 p-n-pFusep Junction Transistor. The physical structure assumed 
for this unit is that of Fig. 2(b). The ring base contact is of particular im- 
portance, The material and structure are chosen to facilitate comparison 
with a specific development model for which a large amount of data is 
available, The emitter diameter is 15 mils and the collector diameter 
80 mils, The base contact ring diameter is 40 mils, 
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The physical parameters of interest are: 


Ve Collector voltage, —4.5 v, 


I, Emitter current, 1 ma, 

W3 Wafer thickness, 3.5 mils, 

We Collector to surface thickness, 2.1 mils, 

Wy Collector to emitter thickness (not including depletion layers), 
3.6 X 1073 cm or 1.41 mils, 

pb Base resistivity, 1.5 ohm-cm, 

T Hole lifetime in base region, 20 usec, 

Pe; Pc Emitter and collector resistivities unknown but very low, probably 
0.001 ohm-cm, 


Te, T. Electron lifetime in emitter and collector unknown but very low, 
probably 0.1 ysec, 

A, Emitter area, 0.00114 cm?, 

A; Collector area, 0.00456 cm?. 


The transmission parameters are then 
Jee = 0.039 mho; 
Yo probably > 0.995; 
Bo = 0.993; 
ao* = 1.0000; 
Ace = 0.988; 


ow Xm 2.6 X 10~* 
= —— = ———__ _ = 289 x 10 cm/v; 





Jee ~~ 8.15 umhos. 
The parameters which determine frequency response are: 
Wa D 44 
fa = = = ————S = 1.08 me, 
2r rw, 4(3.6 X 107%) 
Cr = 5000 uyuf/cm? for collector; 


Cr ~ 20,000 uuf/cm? for emitter, 


so that 
Cre = 22.8 unt, 


Cre = 22.8 uyf. 

The effective hole storage capacitances of the emitter and collector are: 
Oye ™ 3840 ppl 
Coo = 0,8 pul, 
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By the equations given in Section 3.0 
ry, = 55 ohms 
roo = 35 ohms. 
The low-frequency values of the ‘‘h”’ parameters are 
ho, ~ —0.988 
hig = 2.09 X 10~* 
hog ~ 0.17 umho 
hy, & 26 + (0.012)55 ~ 26.7. 


These theoretical values are compared with observed values in Table 1. 








TABLE 1 

Calculated Measured 
hey —0.988 —0.968 
hog 0.17 X 10-* mho | 0.48 < 10-* mho 
hig 2.09 X 1074 1.85 X 1074 
Au 26.7 ohm 33 ohm 
OF, 22.8 uf 24.7 uf 
ta 1.08 me 0.95 me 
ry, | 55 ohms 55 ohms 
r' v2 35 ohms 63 ohms 








The major discrepancy in hz; is charged to surface recombination of in- 
jected holes, which was ignored in the calculation. It should be noted 
that hes becomes 0.45 x 10-* mho if the calculated value is corrected 
by the ratio 0.032/.012, which is the ratio of the measured and calcu- 
lated (1 — «)’s or (1+ he1)’s. The difference between computed and 
measured hy; is the sum of a number of effects. First, the actual (1 — «) 
is greater than the computed value. Next, the junction temperature was 
probably greater than the assumed 25°C. Finally, the carrier injection 
level is high enough to modify the emitter diode properties in this 
direction. 

The difference between calculated and observed current transmission 
cutoff is greater than appears from the data, since the theoretical three 
db response frequency is about 22 per cent higher than the “alpha cutoff” 
frequency caleulated here. The difference is believed to be the result 
of the fact that holes emitted around the emitter periphery have much 
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longer transit paths than do those emitted into the region directly be- 
tween the electrodes and consequently reduce significantly the current 
cutoff frequency. 

The serious discrepancy in 7’y2 is probably the result of the 7’,; cal- 
culation being very pessimistic because of neglect of peripheral emission 
effects and of we and wz; being somewhat smaller than the assumed 


values. Again it can be seen that the equivalent tee base resistance 


1, = hy2/he2 is 375 ohms, nearly seven times the high-frequency resist- 
ance of 55 ohms. 


5.4 QUALITATIVE CompPaRIsON. As might be expected, the qualitative 
agreement between theory and observation is better than the quantitative. 
For example, C,, hos, and hiy vary approximately as (V’,)—”% in fused 
junction units. Alpha cutoff frequency increases as collector reverse 
bias is increased—a natural result of the narrowing of the base region. 
The qualitative discrepancies that are found are usually associated with 
large experimental deviations from the assumptions of the analysis. 


5.5 Review or DEsiGN CaALcuLATIONS. Numerical analysis of both 
drawn junction and fused junction transistors has shown rather good 
agreement between theory and experiment. It is necessary, however, to 
modify some of the results empirically because of lack of full understand- 
ing of some effects, such as leakage and surface recombination. 

Qualitative agreement of measurements and theory is, of course, 
much better than the quantitative correlation. For example, the de- 
pendence of all of the parameters on emitter current and collector voltage 
is almost exactly that expected from theory. Some of the dependence 
on emitter currents involves high carrier injection level theory which 
has been omitted from this study. 


6.0 SUMMARY 


6.1 Transmission THEory. Design theory of the small-signal trans- 
mission parameters of junction transistors is relatively complete. 

A one-dimensional analysis of minority carrier diffusion currents in 
terms of short-circuit admittances has been combined with a similar 
analysis of depletion layer capacitances and an approximate three- 
dimensional analysis of ohmic base region spreading resistance. The 
resulting equivalent circuit has characteristics in good agreement with 
experimental observations. In particular, collector capacitance, ohmic 
base region spreading resistance and the current transmission three db 
cutoff frequency may be computed with fair accuracy. The low-fre- 
quency values of the common base hybrid parameters may also be cal- 
culated, but neglect of surface recombination and surface leakage re- 
sults in serious errors in the short circuit current transmission factor hoy 
and the open circuit collector conductance hys. The deviations of these 
two parameters from calculated values are, however, both reasonable 
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and mutually consistent. The ohmic base layer spreading resistance, 
which is the only base resistance of importance at high frequencies, is very 
often much smaller than the low-frequency base resistance appearing in 
an equivalent tee network. 

Qualitative agreement of theory and measurement is excellent. The 
variation of all parameters with emitter current and collector voltage 
is within a few per cent that predicted from theory. 


6.2 Srare oF THE ArT. Since this paper was deliberately limited in 
scope, it is pertinent both to review its objectives and to point out signifi- 
cant omissions. The principal objective sought was presentation of 
small-signal transmission design theory. No attempt was made to give 
a simple explanation of the junction transistor, relating both its large- 
signal and its transmission characteristics to simple physical assump- 
tions. While the design theory presented consolidates in one place some 
already published information, much remains to be done in assembling 
and integrating such knowledge from its present widely scattered lo- 
cations. 

In addition there exists a more detailed understanding of junction 
transistor characteristics than can be found in the literature. For ex- 
ample, units are found occasionally with negative hy2. This is a result 
of an easily modulated high resistance between base region and base 
contact (high p»»-). Publication of such information can reduce by a few 
db the amount of head-scratching done by production engineers. 

Other phenomena for which explanations have been developed are 
surface recombination and high carrier injection level effects. Despite 
this progress, much work remains to be done. 


APPENDIX A 


7.0 GENERAL. This study is an extension of Shockley’s analysis of the 
junction transistor to include high-frequency effects and the voltage de- 
pendence of base layer thickness. Shockley’s paper (Ref. 1) and the later 
paper by Shockley, Sparks, and Teal (Ref. 2) contain the following 
of interest here: 


(a) analysis of the de steady-state of a junction transistor (Ref. 1); 

(b) analysis of the low-frequency small-signal parameters r,, a, C. 
(Ref. 1, 2); and 

(c) analysis of frequency dependence of the transport factor B 
(Ref. 2). 


In addition to repeating the above, this study gives these new results: 


(a) analysis of steady-state small-signal ac operation [de- biases pres- 
ent]; and 

(b) the small-signal ac short-circuit admittances Yoo, Yoo Yeo) and 
Voo 
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7.1 Assumptions. Semiconductor. The p-n-p type structure as- 
sumed is shown in Fig. 6. The emitter, base, and collector regions may 
each be characterized by a resistivity and a minority carrier diffusion 
length. The emitter, collector, and base contacts have no effect on the 
currents which flow at the junctions. Injected carriers pass through the 
base layer by diffusion and through the barrier (charge depletion) layers 
by drift. Base-layer thickness w depends on collector potential V, 
through variation of the collector barrier thickness z,. Variations of 
emitter barrier thickness are unimportant. The junctions are parallel. 


EMITTER BASE COLLECTOR 


xe 
x=0 ! y=0o 


' . 
X = WotWyelvt 


Fig. 6 p-n-p junction transistor. 


Currents and Potentials. The currents and potentials studied are those 
at the collector and emitter barriers. Unless otherwise specified, ‘po- 
tential” implies difference in majority carrier Fermi levels, i.e., externally 
applied potential, rather than difference in electrostatic potential. The 
collector reverse potential is assumed to be many multiples of k7'/q 
(e.g., > 0.5 v), so that the classical p-n diode reverse conductance may 
be neglected. At 0.5 v, this is of the order of 10-1! mhos/em?. It de« 
creases in magnitude one decade/60 mv of bias potential. 


Base Resistance. 


Majority carrier resistance in the base layer is not 
considered here. 


Other Assumptions. Surface effects are excluded from consideration, 
In addition, several mathematical approximations of little physical con« 
sequence appear in the text as needed. 


7.2 MerHop. The procedure employed is substantially that used by 
Shockley, with some additions. First, minority carrier concentrations 
on both sides of each barrier are related to the barrier potentials. 

The de minority carrier distribution in each of the three transisto 
regions is then computed from these boundary conditions with the ab 
of the continuity equation, 
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Next, small-signal ac perturbations of the barrier potentials and of 
the minority carrier densities at the barriers are used in the same way 
to find ac distributions of the minority carriers. The effects of voltage 
dependence of base layer thickness are found by means of a small- 
signal ac perturbation of the position of the collector side of the base 
layer. The resulting ac distribution of minority carriers is computed as 
before. 

Finally, de and ac currents at emitter and collector barriers are com- 
puted from the gradients of the minority carrier densities at the barriers. 

In the ac analysis, the forward rotating time function e’’ is used. In 
general, the first-order solution for small signals is obtained by assum- 
ing that the disturbance associated with e* is small, by neglecting its 
powers and harmonics, and by using first-order expansions, e.g., 


Wp, MA ) ( OL g ‘) /L 
xp{(—+—e =({1 — et" 7} erol™ 
exp (+ L ae 


The ac magnitudes such as w1, pe1, %e1, represent complex phasors of the 
form ae’, 


7.3 Anatysis. In the base layer at x — 0, 


DP = Peo + Dee’ = pret’ el kT, (1a) 
at X = Wo, : 

P = Pco + Pee” = pret el kr (1b) 
in which Ve = Veo + Vee 


V~ = Veo + Vae™ 
and V.; « Veo and V,1 K Veo so that 


qd 
Peo ~ pret’ eo! kT Pci ~ Peo kT Va 


qd 
VeolL Pci ~ Po kT Va. 
P.9, Peo, Veo, and Vo are average values while pe, Pe1, Ver, and V1 are 
ac phasors. 


The continuity equation for holes for one-dimensional flow is: 


Pco ~ Pre? 


ep @ - r) ap 
D,—; — (——_} = — 2 
> ax? T at ( ) 
in which 7 is hole lifetime. A solution to equation (2) is: 
Pp = Dn + Ae®!” + Be7*!4 7s Cest!/Lt+iwt + DeW8/E +ivt (3) 


where L = «/Dr and 8 = (1 + twr)’, 
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Application of the boundary values of equation (la) and (1b) to equa- 
tion (3) gives hole density in the base layer: 


(Peo — Pn) — (Deo — Dn | et/L 


Polt, 2) = Pat 2 sinh (wo/L) 


(Peo — Pn) — (Peo — re] en tll 


2 sinh (wo/L) 4) 
4 


+ 


2 sinh (swo/L) 


Dei — Deretel® 


2 sinh (swo/L) 


eer — pee oll |e sz/L+iwt 


Pa ba | e 8t/L+iwt 


Since up to this point w has been assumed constant [w = wo], equation 
(4) does not include effects of voltage dependence of base layer thickness. 
To introduce these, a new set of boundary conditions is used: 


atx = 0, ; 
4 = Peo + pae™ (5a) 
and at r= Wo + wie, 
Pp = Deo + pee! (5b) 
in which w; S wo and is a phasor. 
ow 
W= Ve. 





c 


It can be seen that conditions are as before except that the collector side of 
the base layer swings about position wy at angular frequency w. 
A solution of equation (3) with conditions (5a) and (5b) is given by 


pilt, t) = polt, x) + pit, x) (6) 


in which po(t, x) is given by equation (4) and p(t, x) is the perturbation | 


associated with w,e” 
If equations (5a) and (5b) are rewritten in terms of p(t, x), they become, 
using first order expansions: 


p(t,o) = 0 (7a) 
P(t, Wo + wie") = [(Peo — Pn) esch (wWo/L) 


— (peo — Pn) coth (wo/L)| : et (7b) 


Since p(t, x) is an ac solution of the continuity equation (2), it has the 


form: 
p(t, v) = Bett! teriat + Fen triat (8) 





Chapter 5: DEsIGN oF JUNCTION TRIODES 315 
Use of equations (7a) and (7b) leads to: 
sinh (sx/L) 


p(t, z) = aul Gb) [(peo — Pn) sch (wo/L) 


(9) 
Ww dwt 
— (Peo — Pn) coth (wo/L)] cz ew. 
The complete solution for hole density in the base layer is: 
cO — Pn} — e0 ple voll 
pi(t,2) = pa + [P2 Pn) - (Peo — Pn) Je 
2 sinh (wo/L) 
E — Pn) — (Peo — Oe) —z/L 
—_— —_ e 
2 sinh (wo/L) 
4 == — est /L+iat 
2 sinh (swo/L) (10) 


= [ee ms pat | ea st/L+ivt 
2 sinh (swo/L) 
ae wr pit wane [(Peo — Pn) esch (wo/L) 
L sinh (swo/L) 
a (Peo = Dn) coth (wo/L)]. 


The hole current density in the base layer is found from equation (10) 
by the use of the equation for diffusion current 


I, = —qDp—: (11) 
dx 
which yields 
Dp ( cosh (2/L) 
lL, = -¢= CO. PRY oo Sk e0 Pn 
> q (Peo sinh (wo/L) (Peo — Pn) 
cosh [(1 — wWo)/L] cosh (sx/L) ei 
pe errs oe BB peer a 
anh ting) 0) Pot Gali (tin iE) 
cosh [(sz — swo)/L] wi cosh (sx/L) 
a SPe1 eit +s et 
sinh (swpy/L) i sinh (swo/L) 


(12) 
X [(Peo — Pn) esch (Wo/L) — (peo — Pn) coth (wo/L)]. 


Hole current densities at emitter and collector may be found by substitu- 
tion of « = 0 and x = wo respectively. The first two terms in equation 
(12) give de current components (Ref, 6) which may be attributed to col- 
lector and emitter potentials in that order, while the last three are ac terms 
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resulting from collector potential, emitter potential, and base layer thick- 
ness variation respectively. 

The hole current densities may be related to the ac potentials by use of 
the approximations given at the beginning of Par. 7.3. 


qd qd 
Pel ~ Peo kT Ve1 Pci ~ Pco kT Ve, 


and the relation 


However, the average collector potential V.9 is negative and many times 
kT/q so that poo ~0 and p.; = 0. The ac emitter hole current density is 
therefore 





: D: 
Innet#t = 2? ~ (Va o speo coth (st0/L) 
Vea ow (18a) 
— = © 8 esch (s09/L)I(pea — Px) esch (Wo/L) 


— (peo ~ po) eoth (uo/L))) 
If peo > Pn, equation (13a) becomes very closely 


q s tanh (wo/L) dw 8Ve1 
Iyer = Tyeo Vea + Inco . . (13b) 
kT tanh (swo/L) dV, L sinh (swo/L) 


In equation (13b), Ipe9 and I-90 are average emitter and collector hole 
current densities. The entire coefficients of V.; and V,; in equation (13b) 
are the input and the feedback short-circuit admittances associated with 
hole flow in the transistor. 

Similarly, forward transfer and output short-circuit admittances as- 
sociated with hole flow may be found from equation (12) by substitution 
of x = wo and use of the approximation p, ~ p; — Pn, i.e., py > Pn. In 
calculating collector current, the sign of equation (12) must be reversed, 
since equation (12) gives current flow in the x-direction while collector cur- 
rent is assumed to flow in the negative x-direction. The admittances are 
given in 7.4. 

Next, there are admittances associated with electron flow in the p-n-p 
transistor. Flow of electrons from base to emitter gives rise to an input 
admittance term, while electrons flowing from collector to base give rise 
to output and forward transfer admittance terms. An outline of the deri- 
vation of these terms follows. The terms are given in the summary. 

For electrons in the emitter: 


atz = 0, 


t QV (kT 


Ne = Ney + Nee = Nye 
at vt = —o, 


Ne = Ny 
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in which, again, Ve = Veo + Vere! and first-order expansions are used. 
L = —&, Ne = Np, is chosen as a boundary condition in order to eliminate 
effects of the emitter contact. Solution of the continuity equation results 
in: 

Noe(t, Z) = Np + (Moe — thy elt Se (14) 
in which the 7 is s = (1 + twr)”* now implies electron lifetime in the emit- 
ter body. Electron diffusion current at the emitter is computed by means 
of the equation corresponding to equation (11), giving 


n 





Ine — i (Neo = Np) + nee’, (15) 


n 


The ac admittance associated with the last term appears in the summary, 
Section 7.4. 

The ac electron current from the collector is not a diffusion current, but 
rather a drift current resulting from the hole current flowing in the collec- 
tor body. Since the ac electron current is directly proportional to the ac 
hole current in the collector, the result is an effective multiplication of the 
output and forward transfer admittances associated with hole current in 
the collector body.* 

For electrons in the collector the boundary conditions are: 


at y = 0, 
n= net elt? = 0 (16a) 

at y = ~, 
nN = Np (16b) 


The condition n = 0 at the edge of the barrier region results from V, being 
negative and many times k7'/q. The distribution of electrons in the col- 
lector is governed by conditions (16a) and (16b) and the modified con- 
tinuity equation (Ref. 7) developed by W. van Roosbroeck. 


an M— Np  pnHg On an 


at © M, oy ee ay? we 
in which £, is the electric field which would be associated with the total 
current if n =n. Me = (pp + bn0)/(Pp — Mp) and Do = (pp + Np)/ 
(Pp/Dn + Np/Dp). 

If m is assumed to be given by n(t, x) = no(y) + ni(y)e 
sumed to be 


wt and E is as- 


Eal(t, x) = Eo+ Eye = Pel co + Deolpaie”', 


in which /,o is average collector current and J,,; is the ac hole current of 
*Space-charge layer widening effects are neglected since they are usually very 
amall and are diffleult to analyse, 
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the collector, equation (17) may be reduced to two equations 














Ny — n MnEy On a? 
Get ( *) Ee, (18a) 
Dor DoM,. dy — ay’? 
Uni; on 1+ iwr Ung On an 
es ees nm wilt —- (18b) 
M Do oy Dor DoM. oy oy 


The solution of equation (18a) under conditions (16a) and (16b) is 


Mo = Np(1 — &™™), (19) 


unEo uno \? 1 
Mm = - ——-— +e Set 
2D )Mo 2DoM. Dor 


Inspection of equation (19) shows that 


where 





Ono 
—_ = —mgn,e”™™. (20) 
oy 
It is then apparent that n; must be of the form 
my = Nye™"f(y). (21) 
Substitution of equation (2) and equation (21) into (18b) leads to 
a°f MnEo \ of uw NpM2hn€2 
at \ me a a : 
oy M.Do 





ee (22) 
oy Do M. eDo 


A general solution of equation (22) is 


nE 
Sy) = — + Be™” + Cem (23) 


where 


1 a) Rt ry] to 
71,72 = —=|(m + ~\m ri 
le 5( aT DM, a \" + DoMy Do 








It may beshown that the boundary conditions on f(y) are: 
aty =0,f = 0; aty=o,f=0. 
Applicatioa of these values to equation (23) results in 


NyMgHn Ly 
= en ae ae 
iwM » 


in which rg ii obtained using the negative square-root, 


Sy) (oy (24) 
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The electron density in the collector is now given by 


NpMopnL . 
n=n,(1 — emy) + a {1 — enw] emeivt (25) 
iwM, 


The electron current is given by 


. Eym 
I, = npqDn, | -mmaer + ev ee (mz — me” — reyes | . (26) 


1wM . 


At the collector junction, the ac component reduces to 


NpQDnbnMer ok, 
[2-  e 27 
nel iwM ( ) 
Now, since Ey = ppclpc1, the collector multiplication factor 
(per + Ine1)/Iper 
is 
NypQDnbnMor 
at =1+ aN (28a) 
twM, 
DnmMor 
yt age (28b) 
Cpe twM, 


The effect of collector multiplication as given in equations (28a) and (28b) 
is included in the general admittance expressions given later. 

Finally, no mention has been made of the admittances associated with ~ 
barrier capacitances. Since the currents which charge these are majority 
carrier currents, there arenoinput-output interactions except those associated 
with majority carrier resistance of the base layer (an effect not analyzed in 
this study). These capacitances add directly to input and output admit- 
tances. Shockley (Ref. 1) gives methods for calculating these capacitances. 


7.4 Summary. In paragraph 7.3, derivations were given or outlined 
each of the four small-signal short-circuit admittances associated with the 
hole flow, electron flow, and barrier capacitances in junction transistors. 
The terms appear in that order in the expressions which follow. 


D8 
Yee = | mee — coth (8pWo/ Ly) + anpDrne/Lne| = etVeo kT + tw. 





Pp 
nD ne Dn 
Yoo = — « Pn? esch (e/Lo) | T eaVeglk (1 oe a). 
p kT Spe twMy (30) 
° 30 
Yo™= — ‘cue { orb: acta WPnDp Coa =.1) 
OV; Lp ainh (t5t09/Ly) Lp is 


x cach (Wo/Lp) + coth (wo/L»y)). 
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Yeo = (= ieee te nD» [(e2Veo/AT — 1) 
dV, L, tanh (s,Wo/Ly) Lp (32) 
o wna 


TpciwM 9 


X esch (wo/Ly) + coth (wo/Lp)] + iaC're) ( + 


It should be noted that collector multiplication operates on the current to 
the barrier capacitance since the latter current is a hole current in the 
collector body. 

The term dw/dV, is the same for both p-n-p and n-p-n structures. It is: 


for step junctions 














ow — Lyi (33) 
OV. 2V. 

and for graded junctions 
ow ac Dig ; (34) 
OV. 6V. 


V, in equations (33) and (34) means dc electrostatic potential difference 
across the collector barrier. 

Equations (29) through (32) may be manipulated into many forms. One 
of these sets, which may be employed as a starting point for the approx= 
imate forms given in the text, is: 


tanh L 
Yee = as | ped ap on iaiZ@) + Ines + IwC'Te, (35) 
kT tanh (s,Wo/Lp) 
qd Sp tanh (Wo/Lp) one |* 
Yee = —T 4p, 7 sp) 40 
kT sinh (spWo/Lp) pe 
ow Sp 
Veer = SS te EE Inco, 
dV, Ly sinh (8pWo/Lp) 
—dw Sp : Inc - 
ce = | peo + ta |p+ S| 
o | aV_ L» tanh (swo/Ly) ” i pe 


The change in signs which occurs in going from equations (31) and (32 
to equations (37) and (38) takes place because the current replaced by Jp 
had the opposite assigned positive sense. 


APPENDIX B 


8.0 Base LAYER SPREADING Resistance. Significance. The bulk resis 
ance of the base layer or base layer spreading resistance (r’») is importan’ 
because base current passing through r’, produces a base contact to emit 


*The factor a* = (1 @no/¢po) is current dependent, At amall average colle 
currents, itis (1 te @ne/2po) and rises to (1b ono/ ape) at high current denaities, 
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junction negative feedback voltage 7,r’y. Reduction of r’, is an important 
objective in improvement of junction units. 


Types. Since feedback voltage to the emitter junction is produced by 
two separately measurable base current components having very different 
flow paths, two separately measurable base layer spreading resistances 
(r’p1 and r’y2) may be defined. 

The current (1 — «@)2, originates in the base layer between the emitter and 
collector junctions and flows radially through the base layer to the base 
contact producing a feedback voltage at the emitter; r’5; is defined as the 
ratio of this feedback voltage to the current. 

The collector capacitance current jwC.v, enters the base layer uniformly 
over the entire area of the collector junction, resulting in a feedback volt- 
age at the emitter; r’s2 is defined as the ratio of this feedback voltage to 
this current. 


Calculations. The resistances r’,,; and r’po for the transistor of Fig. 2 (b) 
may be computed with the help of three formulas which give the feedback 
voltages for the three geometrical problems involved in this transistor. 
Each expression gives the voltage V developed at electrode C by a current 
/ entering through electrode A and leaving through electrode B. The for- 
mulas are in terms of sheet resistance p;/w (resistance per square in ohms) 
and the radii involved. 

The simplest situation and its formula are shown in Fig. 7(a). Elec- 
trodes A and C are the same and expression gives the resistance of an an- 
nular ring to radial current flow. 
aii ; ‘ So BE = a = 1B) B - B 

‘ “ La 

_ BLK a[ 2-2 18. a oa Z 


eee 





Vs sop AP Uni /n)! 


(a) (b) (c) 
Fia. 7 Feedback voltage for three geometries. 


Vig. 7(b) also shows an annular ring, but the current J is introduced uni- 
formly over one of the flat surfaces, while the voltage V is measured from 
outside edge to inside edge. 

Vig. 7(c) shows current introduced uniformly over the surface of a dise, 
while voltage V is the average voltage developed along the surface of the 
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disc. It should be clear that electrodes A and C do not conduct parallel 
to the disc surface (i.e., they are not equipotentials). 


Example. The 7r’»s for the transistor of Fig. 2(b) will be calculated. 

A. r’s;—The current J = (1 — a)i, is assumed to originate uniformly in 
the region between emitter and collector in Fig. 2(b). It flows radially 
outward to the base contact. 


1 1 1 
vad E (p/m) + =~ (oo/ts) in (ra/ra) + > (o/s) In (sir) 








; 1 1 T2 r3 
rs, = V/I = po + In—+ In(—})]- 
8ru, 2rd. 1 ) 


B. r’y9--Inspection of Fig. 7 shows that the collector capacitance cur- 
rent originating opposite the emitter junction (J,) has the same flow path 
as the (1 — a)z, current. The remainder of the collector current which 
enters the base from the collector outside the emitter (J2) likewise flows 
radially out to the base contact. The total feedback voltage developed 
between emitter junction and base contact is 


1 1 
V = Tyr'n + Ie |— (pp/We) + — (pp/Ws) In (sir) | ’ 
4r 2a 
0 TE lees lal 
Tr = -hC — In — 
= Ii + Ip ee 27w3 i) 


+ {Rl lam! tal teed +L Eh a 
T2 2rwWe " ‘1 8rw, Te 41We 


C. Numerical Results 











For py = 1.5 ohm-cm, w,; = 0.5 mil, w. = 1.0 mil, and ws = 2.0 mils. 


T/T, = 2 rs, = 147 ohms 
73/T2 = 2 rb. = 96 ohms 


8.1 List or Sympots. The symbols listed here are used in the discus- 
sion. 

Emitter and collector currents are assumed to flow inward at the corre- 
sponding terminals, in accord with the convention usually used for tran- 
sistors. 


a = gradient of (Va — Na), usually given in atoms/cm‘. 

Qo, = short-circuit forward current transfer constant for theoretical one- 
dimensional transistor. 

C, = collector to base capacitance with emitter open-circuit ac, 

C., Cro = collector barrier capacitance, 

Cue Coo ™ hole storage or diffusion capacitances at emitter and collector, 
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These capacitances are directly related to the current transmission 
cutoff frequency and may be used as an alternative characterization 
of that quantity. 


Cy, = emitter barrier capacitance. 

Cy., Cr. = theoretical depletion layer capacitances of emitter and col- 
lector. 

D, Dy, Dn = diffusion constants for minority carriers, usually given in 
cm?/sec. 


D,, D, = diffusion constants for electrons and Holes. 

Do = (Pp + Np)/(Pp/Dn + Np/Dp). 

I’, = tip = electric field associated with current at thermal equilibrium 
carrier densities. 

I’;, Eo = ac and de components of Ez. 


J, = D/rwo” = current transmission or alpha cutoff frequency. 
(loey Ycey Yee) Yee = low-frequency conductance components of y’s given 
below. 


i's = set of two terminal-pair parameters, defined by E. A. Guillemin, 
Communication Networks, Vol. II, John Wiley and Son, Inc., N. Y., 
1935, p. 137. 

hy, = short-circuit input impedance. 

ho, = short-circuit forward current transfer ratio. 

hi» = open-circuit feedback voltage ratio. 

hy» = open-circuit output admittance. 

/,, = average or dc base current. 

Lie Lneos Inet) Inc) Inco, Inct = total, average, and ac emitter and collector 
electron currents. 

lines Lpeo) Iper, Ipc, Inco, Ipci = total, average, and ac emitter and collector 
hole currents. 

Ine, Ines Ipey Ine = hole and electron components of average or dc emitter 
and collector currents. 

Ineo = emitter reverse current when collector is also reverse biased. 

J, = emitter current density in amp/cm?. 

\ » Boltzmann’s constant. 

h'l'/q = average thermal energy per carrier, approximately 0.026 ev at 
25°C. 

L, Ly, Ln = diffusion length or average distance a minority carrier will 
diffuse before recombining; average distance diffused in one lifetime 
(r). 


Ly, L,» = diffusion lengths for holes and electrons. 


Unio LnEo 2 1 
mg = — _ + — decay constant for average elec- 
2D 0M o 2DoM Dor 


tron density in the collector. 

Mo ™ (Dp = brp)/(Pp — Np). 

Na, Np ™ concentration of acceptor and donor atoms in semiconductor, 
usually in atoms/em*, 

n concentration of electrons/em®, 
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n; = electron concentration which would exist in the semiconductor at 
thermal equilibrium if donor and acceptor concentrations were zero. 

Ny» = thermal equilibrium concentration of electrons in p region. 

Ny, NM, = thermal equilibrium electron densities in p and n regions. 

Neo) Ney = de and ac components of electron density at emitter junction. 

p = hole concentration/cm’. 

p; = hole concentration which would exist in the semiconductor at thermal 
equilibrium if donor and acceptor concentrations were zero. 

Pn = thermal equilibrium concentration of holes in 7 region. 

Pn) Pp = thermal equilibrium hole densities in n and p regions. 

Ped Pe1y Pco) Pct = Ac and ac components of hole density at emitter and 
collector junctions. 

q = electronic charge, 1.6 X 10~'® coulomb. 

Q/kT = see kT/q. 

ry, T'b1, Tog = Ohmic spreading resistances of base region, specifically, the 
effective base to emitter feedback resistances for diffusion currents and 
for collector capacitance currents. 

Te = ac emitter resistance. 


Uno bnEo\]? tw 
nn Hae 2) fe 





Mme 


2 DoMo 2 DoMo/ 1 * Do 
11, T2, 7g = geometrical radii in transistor of Fig. 2(b). 
s = (1 + tw). 


T = temperature in degrees Kelvin (absolute temperature). 

Ve, Veo: Very Ver Veo, Ver = total, average, and ac emitter and collector 
potentials. 

V, = average collector potential. 

V. = average or de collector to base voltage. 

V’. = electrostatic potential across collector depletion region. 

V, = electrostatic potential across emitter depletion layer at thermal 
equilibrium (no biases applied). 

ve = small-signal ac collector to base voltage. 

W, Wo = base-region thickness. 

W1, W2, Ws = base-region thicknesses in transistor of Fig. 2(b). 

W, Wo, W; = total, average, and ac variation of base-layer thickness. 

x = distance from emitter barrier. 

2m = thickness of collector barrier layer. 

2m = thickness of collector depletion region. 

y = distance from collector side of collector barrier layer. 

Yees Yoer Yecs Yoo = Short-circuit ac admittances. 

Yoo. Yoo Yeor Yoo = theoretical short-circuit input, forward transfer, feed- 
back, and output admittances for one-dimensional transistor. 

a = current amplification factor, 

«, a © short-circuit emitter to collector current transfer ratio and its low- 
frequency value, 


«*, ay © collector junction current multiplication ratio and its low-fre- — 


queney value, 
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B = base-layer transport factor. 

B, Bo = current transport ratio across base region and its low-frequency 
value. 

Y, Yo = current emission ratio at emitter and its low-frequency value. 

€) = dielectric constant of vacuum, 8.854 X 1074 farad/cm. 

k = relative dielectric constant, €/«. 

p, pp = resistivity, base-region resistivity. 

pe = resistivity of collector region. 

Pye = resistivity for holes in collector region. 

Tye) One = conductivities for holes and electrons in collector region. 

Onc) Spe = conductivities produced by electrons and holes in collector 
region. 

r = minority carrier lifetime. 

T, Tn) Tp = lifetimes of minority carriers. 

Lye = constant of feedback generator used to characterize modulation of 
de base spreading resistance. 

din = electron mobility. 

My = hole mobility. 

w = 2xf = angular frequency in radians. 

Wa = 2afe = 2D/wo? = alpha or current transmission cutoff frequency in 
radians. 


REFERENCES 


1, W. Shockley, B.S.T.J., Vol. 28 (July 1949), p. 435. 

2, W. Shockley, M. Sparks and G. K. Teal, Phys. Rev., Vol. 83 (July 1, 1951), 
p. 151. 

3, J. M. Early, Proc. IRE, Vol. 40 (Nov. 1952), pp. 1401-1406. 

4, This effect was first pointed out by J. N. Shive. 

5, R. L. Pritchard has pointed out that this three db point is 22 per cent 
larger than », as defined here. See R. L. Pritchard, Proc. IRE, Vol. 40 (Nov. 
1952), p. 1476. 

6. With some labor, these terms may be converted to Shockley’s equation (5.6), 
see Ref. 1. . 

7. W. van Roosbroeck, private communication. 





326 PRINCIPLES OF TRANSISTOR DESIGN 


SE. p-n-i-p AND n-p-in JUNCTION TRANSISTOR 
TRIODES * 


J. M. EARLY 


Theory indicates that the useful frequency range of junction transistor 
triodes may be extended by a factor of ten by a new structure, the p-n-i-p, 
which uses a thick collector depletion layer of intrinsic (i-type) semicon- 
ductor to reduce greatly the collector capacitance and to increase the col- 
lector breakdown voltage. This structure will permit simultaneous 
achievement of high alpha cutoff frequency, low ohmic base resistance, 
low collector capacitance, and high collector breakdown voltage. Be- 
cause of the high breakdown voltages and larger areas per unit capaci- 


tance, permissible power dissipations appear much larger than for other — 


high-frequency junction types. Theoretical calculations indicate that 
oscillations at frequencies as high as 3000 mc may be possible. 

Early exploratory models have verified the basic theory. Progress to- 
ward initial design objectives has been encouraging. In general, the 
observed performance has been consistent with the materials used and the 
structure achieved. The highest frequency of oscillation obtained to 
date is 95 mc. Better performance is expected as technical control of 
materials and structures is improved. 


Since the announcement of the junction transistor by Shockley, great 
steps have been made in extending its useful frequency range and its 
power-handling capacity. Recent developments, particularly those which 
have increased the frequency range (Ref. 2, 12, 13), have brought the 
performance of practical devices close to ultimate limits prescribed by 
structure and material. Further extension of frequency range and, to a 


lesser degree, of power capability must be sought in new materials or in~ 


improved structures. The p-n-i-p transistor (and its homologue, the 
n-p-i-n) employs a new structure which in theory promises to increase 
the useful frequency range of junction triodes by a factor of at least 
ten. In the p-n-i-p the n region of the base and the p region of the 
collector are separated by a relatively thick region of 7 type (i.e., intrinsi¢ 


or near-intrinsic, almost free of donor and acceptor centers) semicon- | 


ductor. This permits establishment of a thick collector depletion layer 
at relatively low voltages, thus producing low collector capacitance and 
several other desirable features. 

The advantages of the new structure may be seen by study of the 


* Originally published in B.S.7.J., Vol. 83, May 1954, 


J. A. Morton and R. M. Ryder have strongly supported and encouraged this” 


work, J. W. Peterson and W, C, Hittinger have collaborated in and contributed 
to the experimental studies, The models constructed and tested are the products 


of the persistent efforts and many useful suggestions of J, A, Wenger, J. MeGlasson,. 


and L, P, Meola, Many others, particularly those engaged in semiconductor 
materials research and development, have also assiated, Discussions with colleagues 
have been moat helpful in preparation of thin report, 
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limitations of previous triode structures. In general, high-frequency 
performance of conventional units, such as p-n-p alloy (Ref. 1) tran- 
sistors, is improved by making the base region thinner to increase the 
alpha cutoff frequency (f.), by using lower resistivity base material to 
reduce the ohmic base resistance (7’,), and by decreasing the area of 
emitter and collector junctions to reduce the collector capacitance (C,). 
These equivalent circuit parameters are of nearly equal importance as 
may be seen from the gain-bandwidth expression discussed below. 

The design changes required to improve the parameters involve con- 
flicts, and compromises are necessary. For example, the decrease of base 
thickness which increases alpha cutoff frequency also increases (less 
rapidly) the ohmic base resistance.* The decrease in base resistivity 
which reduces base resistance also increases (again, less rapidly) the 
collector capacitance and decreases the collector breakdown voltage, 
thus decreasing power capacity. The reduction of junction area which 
(dlecreases collector capacitance reduces the current rating and thereby 
the possible power rating. For transistors having circular electrodes, it 
may also increase the ohmic base resistance. 

For these reasons, conventional junction triodes designed for high- 
frequency application tend to be very small and to have very low voltage, 
current, and power ratings. Ultimately, the decrease of collector reverse 
breakdown voltage sets a lower limit to usable base resistivity and 
thereby to the thickness of the collector depletion region. This sets a 
lower limit on base region thickness, since average base layer thickness 
should be two or more times depletion layer thickness. For base layers 
thinner than this, irregularities in thickness or in impurity distribution 
nay permit the depletion layer to contact the emitter, producing the 
uc collector-to-emitter short circuit effect called “electrical punch- 
through.” Lower limits of junction area are set by desired operating 
currents and by mechanical reasons. Diminishing returns are reached 
for structures a few mils in diameter and a fraction of a mil thick. 

To facilitate comparisons, the limitations described qualitatively 
ubove have been interpreted quantitatively in terms of a gain-band 
figure of merit, 


Fa 


To x B? = ; 
25r'»C. 





in which To is low-frequency available power gain in the common emitter 
connection { and B is the frequency at which the gain is 3 db down from 

*In the junction tetrode, this increase of base resistance is overcome by crowd- 
ing the minority carrier emission close to one of the base contacts, thus producing 
low ohmic base resistance, See Reference 2. 

{ This figure of merit is essentially identical with one described by R. L. Prit- 
vhard at the A.L.E.E, Winter Meeting in New York City, Jan, 22, 1954, 

t1t is assumed that the input terminals of the transistor are shunted by an 
external resistance which determines the input impedance and therefore the band- 
width, Power gain decreases approximately 6 db/octave at frequencies greater 
than B, 
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its low-frequency value. A reasonable upper limit on this (power gain) x 
(bandwidth-squared) product is 4 * 101*, which indicates that a 0-10 
me video gain of 26 db may be obtained by improvement of conven- 
tional triode structures. 

The same figure of merit, for a p-n-i-p of equal junction area, is ap- 
proximately 10!®. Calculation shows that units may be designed to 
produce 10 db or more gain at 1000 me. Although many of its operat- 
ing principles are similar to those of the p-n-p and the n-p-n, the p-n-i-p 
differs from the earlier triodes in that low collector capacitance is ob- 
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Fic. 1 Sectional view of a p-n-i-p transistor. 


tained by means of a thick collector depletion (space-charge) layer of 
intrinsic semiconductor. The section view of a p-n-i-p in Fig. 1 illus- 
trates its major features. The wide depletion layer (electric field region) 
produces small collector capacitance (C,) and gives a high reverse break- 
down voltage, while the very thin base region of low resistivity gives 
simultaneously a low ohmic base resistance (7”,) and a very high alpha 
cutoff frequency (fa). The design with four regions, emitter, base, de- 
pletion layer, and collector, increases the (power gain) xX (band-squared) 
figure of merit (f4/257’,C,) about two decades, thus increasing the useful 
frequency range about one decade. 

The thick collector depletion layer of intrinsic or near-intrinsic semi- 
conductor provides advantages in addition to the reduction of the col- 
lector capacitance. Because base layer resistivity does not limit collector 
breakdown voltage as it does in previous structures, much lower base 
resistivities may be used, thus producing lower ohmic base resistances, 


Furthermore, the thick depletion region makes the structure much more — 


rugged for very high alpha cutoff units since the very thin base layer is 
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a surface layer on an 0.5-2.0 mils intrinsic layer, rather than a thin and 
unsupported web. 

When operating biases are applied to a p-n-i-p transistor, holes in- 
jected at the forward biased emitter diode diffuse across the n region of 
the base, then drift at high velocities through the field region to the 
reverse biased collector p region just as in a p-n-p transistor. However, 
in the p-n-i-p, the drift transit time through the collector field is com- 
parable with the diffusion transit time through the base and contributes 
to phase shift of the short-circuit current-transfer ratio, alpha. In ad- 
dition, the emitter depletion layer capacitance, Cre, which is unim- 
portant in previous triodes, is relatively large in the p-n-i-p and degrades 
performance at very high and microwave frequencies by providing a 
low impedance shunt around the emitter junction. 

The details of structure and operation, design theory, a comparison 
of p-n-p and p-n-t-p units and some experimental results are discussed 
in the following sections. The concluding summary reviews the theo- 
retical and experimental work. 


STRUCTURE AND OPERATION 


Impurity DistrisuTion. In general, device characteristics depend on 
structure and on operating conditions. However, structure is more basic 
than operating conditions. The spatial distribution of fixed charge 
centers (donors and acceptors) is the fundamental structural character- 
istic of the junction transistor. Fig. 2(a) shows an impurity density pro- 
file for a p-n-t-p along an axial line running through emitter, base, col- 
lector space-charge layer, and collector. Similar profiles for step junc- 
tion (alloy) and graded junction (grown crystal) p-n-p’s are shown in 
Vig. 2(b) and (e). 

The emitter and collector regions of the p-n-i-p have very high im- 
purity concentrations (low resistivities), while the impurity density in 
the base is moderately high and the depletion layer is almost free of 
impurities. The high acceptor density in the emitter forces most of the 
emitter current to flow as holes, giving an injection ratio (y) close to 
unity. The high density in the collector gives a low collector body re- 
sistance and fixes the position of one face of the collector depletion layer. 
‘The high donor concentration in the base region leads to low ohmic 
hase resistance (7’,) and fixes the position of the base face of the deple- 
tion layer. In the depletion layer, the concentration of impurities is so 
low that the field region (space-charge layer) extends from the n-type 
base to the p-type collector at low voltages. 


DerLerion Layer. The properties of the depletion layer which are im- 
portant at high frequencies are the capacitance across it (C,) and the 
carrier transit time through it (7). These are determined primarily by 
the impurity density, the thickness of the region, and the base-to-col- 
lector voltage, Potential and field distributions in the depletion layer 
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Fie. 2 Impurity density profiles. 


for both small and typical applied voltages are shown in Fig. 3 for p-n-i-p 
structures in which the depletion layer contains no net impurities (a), a 
small acceptor dominance (b), and a small donor dominance (c). When 
collector voltage is increased from zero, the space-charge layer thickens 
until it extends from base to collector. Further increase of voltage simply 
increases the field strength in the region, without significant further in- 
crease in its thickness. 

The capacitance initially changes inversely as the square root of col- 
lector potential, but becomes constant when depletion region thickness 
becomes constant. The time required for holes to drift from base to 
collector decreases with increase of depletion region field until seattering- 
limited carrier velocities are reached (about 5 x 10° em/see for holes, 
at 10,000 v/em) (Ref, 10), It should be noted that normal operation 
does not occur until the depletion layer extends from base to collector 
(partioularly if the depletion region is slightly n type so that effective 
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FIELD DISTRIBUTION 


POTENTIAL DISTRIBUTION 






FIELD —> 
POTENTIAL —> 


(COLLECTOR) 
(COLLECTOR) 


(BASE) 





(a) Nop = Na 





(b) Np < Na 





(c) Np > Na 
I'ia, 3 Field and potential distributions in depletion region of p-n-i-p transistor. 


base thickness is large at low collector voltages, see Fig. 3(c)). The 
breakdown voltage of the collector is very high,* since the field strength 
in the depletion region is relatively uniform by comparison with that in 
older types of unit, the region is wide, and strong fields are required to 
produce carrier multiplication. 


Base Recion. Base region design seeks the conflicting objectives of 
short diffusion transit time, requiring a thin region, and low ohmic base 
resistance, requiring a thick region. In practice, the region is made as 
thin as feasible, but of low resistivity material, and base contact geometry 
is chosen to minimize the ohmic resistance. In the p-n-i-p, very low base 
resistivity is practical, because the collector breakdown potential is fixed 
by the thickness of the intrinsic depletion layer rather than by the 
base resistivity as in fused junction p-n-p’s, 

*An avalanche mechanism similar to a Townsend discharge in gases is now 


believed responsible for reverse voltage breakdown in junction structures. See 
Reference 8, 
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The large donor density in the base region, together with the very 
high frequencies of operation, makes the emitter depletion layer ca- 
pacitance (Cy7.) both larger and more important than in previous tran- 
sistors. In order to reduce this capacitance, the emitter junction area 
is made small, thus leading to emitter current densities of 1 to 100 
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Fic. 4 Low-base resistance structures. 


amp/cem?. In general, as the de current density is increased, the mini- 
mum de collector voltage must also be increased in order to preserve 
emission-limited current flow. Insufficient voltage may result in space- 
charge limited operation (Ref. 4, 5). 

Three structures which may be used to obtain low ohmic base re- 
sistance are shown in Fig. 4. Obviously, the base contact ring may be 
placed arbitrarily close to the emitter, as in Fig. 4(a), so that the base 
resistance is that of the region beneath the emitter. Since doing this is 
somewhat difficult, the ring may be placed at a distance from the emitter, 
and the emitter imbedded in the base n region as in Fig, 4(b), reducing 


the resistance between the emitter periphery and the base ring at only a— 


amall coat in alpha cutoff frequency, In addition, as shown in Pig, 4(ce), 
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the n region used may be of graded resistivity such as results from im- 
purity diffusion from the surface. The large impurity concentration at 
the surface minimizes both edge emission and radial base resistance. 
These advantages are, however, balanced in part by an increase in the 
emitter depletion region capacitance associated with the low resistivity 
base material. 


DESIGN THEORY 


GENERAL. The principal objectives in the initial p-n-i-p design have been 
high alpha cutoff frequency, low collector capacitance, and low ohmic base 
resistance. The equivalent circuit employed is shown in Fig. 5. The 








Fic. 5 Equivalent circuit of the p-n-i-p transistor. 


output and feedback admittances which are important in earlier junc- 
tion triodes are omitted, since the space-charge layer widening factor 


(: kT ow 
hig OF Mec, —— 
12 OF on OY, 


shown as a current generator (ai) with cutoff frequency (|a? |~3 db 
down) of fa because this gives explicit recognition to base region diffusion 
transit time 7, and allows it to be combined with space-charge layer tran- 
sit time re. 


EMITTER ReGIon Design. Emitter region acceptor concentration should 
be very large (10'%-10!° atoms/cc) in order to keep the injection ratio 
y close to unity at both low and high frequencies (Ref. 8). At low fre- 
quencies, y is determined by emitter resistivity and carrier life path or 
diffusion length, base resistivity and width, as 


1 
1 =f THW 
OeLine 


At high frequencies, y is determined by the ratio of acceptor density in the 
emitter to donor density in the base as 





) is very small (Ref. 6,7). The transfer admittance is 


Y = Yo 





1 
Yor = 1 4 Noe Dy 
Nao Dy 
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Obviously, since the effective donor density in the base must be large 
to give low ohmic base resistance, the effective acceptor density in the 
emitter must be even larger if high frequency y is to be close to unity. 


Base Recion Desicn. Base region thickness, w, and the diffusion con- 
stant, D,, determine the diffusion transit time for holes from injection 
by the emitter to collection by the field of the depletion layer. 

e (1) 
a BD E 


For circular electrodes, which are useful, easily made, and easily ana- 
lyzed, the ohmic base resistance for the active region of the base between 
emitter and collector depends on base resistivity, p», and base thickness 
as follows: 


jhe | case Oe 
8rw qunNp8rw 


es = 


(2) 


If w is made small, 7’, can be reduced only by making Np large. Although 
large reductions in 7’, can be made, increasing Np is ultimately a self- 
defeating procedure for several reasons: as Np is increased both Dp 
and the electron mobility, yn, decrease, thus increasing hole transit time 
and also partially offsetting the reduction in 7’, by Np. In addition, the 
capacitance of the emitter depletion region varies approximately as 
Np”, thus diverting more ac emitter current from hole injection. This 
capacitance is 


% 
AL ) ; (3) 


Cre = xe (SO 
. c 2KegV'. 


where V’, is the average electrostatic potential across the emitter de- 
pletion layer. Equations (1) to (3) show the conflicts which necessarily 
arise in base region design for very high frequencies. The limiting design 
combines very small w, large Np, small emitter area A,, and relatively 


large de emitter current J, so that the minority carrier emitter admit- — 


tance Yee is at least of the order of magnitude of jwoCr.. Total emitter 
admittance is 


it ; 
. = (1 + jwr)”* coth 
Yee + JoC Te = 2 


wa 4 
coth (~) 
Dr 
Depietion Layer Desian. As mentioned previously, the most im- 


portant characteristics of the depletion layer in the p-n-t-p are the transit 
time for holes, r,, and the capacitance, Cy». The minimum voltage for 


E =) 


Dr 
a + jwCrte. (A) 


normal operation, Vin, and maximum or breakdown voltage, Vinax, are: 


also significant, 
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The minimum voltage for “normal” operation is reached when the 
electric field between the n-type base and p-type collector is strong 
enough so that the holes drift at their limiting velocity of 5 x 10° 
cm/sec.* The collector to base voltage required for normal operation is 
the product of the minimum field strength for the limiting velocity and 
the thickness of the depletion layer and is given by 


Vinin = 10,000 Xm; (5) 


in which x» is depletion layer thickness in cm. The maximum field ob- 
tainable before reverse voltage breakdown is not known exactly, but is in 
practice near 100,000 v/em, so that 


Vmax & 100,000 a. (6) 


Depletion layer capacitance is nearly independent of collector voltage 
in normal operation and is inversely proportional to layer thickness. 
Ken Ag 


Tc = 





(7) 


Lm 


‘Transit time for holes increases directly with layer thickness, however, 
being 
Xm 
Te 5X 108 (8) 
Since increase of +, decreases the alpha cutoff frequency fa, the choice 
of 2, is a design balance between C, and fa, with any desire for low 
voltage operation weighting the scales toward smaller z,,. 

As collector voltage and therefore field strength are reduced below that 
required for normal operation, transit time is increased because of the 
reduced drift velocity. In addition, the holes in transit interact with the 
ac field of the layer, thus increasing the output conductance g--. Further, 
« larger density of holes in the layer is required to carry the same cur- 
rent, disturbing the field distribution. If the voltage is reduced greatly, 
space-charge limited emission may occur (Ref. 4, 5), producing much 
longer effective transit times. 

If output voltage is reduced sufficiently, the collector field will not 
extend all the way from base to collector. If the layer is somewhat n type, 
the field region collapses toward the p region of collector. If it is some- 
what p type, the field collapses toward the n region of the base. The 
latter arrangement has the advantage that f, is less drastically reduced. 
lurther, in normal operation, the negatively charged acceptor atoms of a 
slightly p-type layer will neutralize the charge of the holes in transit, 
thus making the field more nearly constant from collector to base. The 





*At lower field strengths, the transit time for holes is longer, giving a lower 
alpha cutoff frequency, The “normal” is the best, rather than the only possible, 
operating condition, 
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effects of low voltage on the collector field distribution are indicated ap- 
proximately by the dashed lines of Fig. 4.* 


Cottector Recion Desicn. Acceptor concentration in the collector 
should be large for several reasons. Large acceptor concentration gives 
a low collector body resistance, which virtually eliminates internal series 
loading of the collector, and it aids operation by fixing the position of the 
collector edge of the depletion layer. The advantages obtained may be 
seen by considering a unit in which the collector body is made somewhat 
p type and a collector contact is attached at some distance from the 
depletion layer. If 10 ohm-cm p= material is used for the collector body 
and a collector contact fastened 2.5 mils from the collector, resistance 
of 250-500 ohms will result for an emitter diameter of 5 mils. In addi- 
tion, because of the weak drift field at the collector edge of the depletion 
layer, the hole transit time is about twice that for a true p-n-t-p. 


AupHa Cutorr Frequency. A current transmission cutoff frequency 
fa for the p-n-i-p is given approximately by ft 


1 
Qe(re + 70/2) 


Equation (9) implies (correctly) that the delay time for total current pass- 
ing through the depletion layer is about one-half the transit time for the 
carriers. This result derives from the induction of charge on the base and 
collector electrodes by the carriers in transit. If 9 = wr, is carrier transit 
angle and J, = e’*' is the conduction current of holes entering the depletion 
layer from the base, the total current entering the depletion layer from the 
base can be shown to be ; 
._,fl—e? 
pm, a 


JY 


Ja = (9) 


which reduces for small ¢ to 
J x efetiel2, (11) 


It may be noted that the total current J of equation (10) when written in 
the form J max Z9 in which @ is the phase shift of the total current with 
respect to the conduction current entering from the base, is approximately 
0.973 Z —22.5° for » = 45°, 0.901 Z —45° for g = 90°, and 0.636 2 
—90° for g = 180°. 


DESIGN COMPARISON 


GeneraL. Comparison of figures of merit is the best, albeit unsatis- 
factory, means for comparative evaluation of devices, For junction 
transistors, one non-controversial figure of merit is established—the noise 





*The field distributions occurring in an intrinsic depletion layer at low field 
strengths have been discussed in Ref, 11, 


{It is assumed that alpha is given by a © ag(1 Jf/fq). Equation (9) repres — 


nents the phase of this expression quite well, but the amplitude rather poorly, 
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figure. Two transmission figures of merit for junction transistors are sug- 
gested at the bottom of Table 1. It should be pointed out that the 
p-n-t-p figures are for theoretical design possibilities, some features of 
which have already been realized experimentally. 


TABLE 1 TRANSISTOR DESIGNS 


p-n-i-p (Calculated Values) 
M1778 Ryd. | (eee 

No. 1 No. 2 No. 3 
wpy—mils 1.0 0.2 0.13 0.8 0.04 
py—ohm-em 1.5 0.5 0.14 0.05 0.02 
dia,—mils 15 4 10 6 5 
dia,—mils 30 6 15 8 5 
Xm—tmils 0.1 0.05 0.63 0.36 0.7 
N,—atoms/cc 1015 3.5 X 10 | 1.4 & 10!8 | 4.2 x 108 | 1.2 x 10!” 
Sa—me 2.0 55 100 200 360 (600) * 
r’y—ohms 50 65 34 20 16 
Co— ppt 25 2.5 1.0 0.5 0.1 
W_C,—mhos — ~- 0.023 0.038 0.102 
Co—ppt — — 36 22 27 
Wor’ tlc 0.0157 0.056 0.0214 0.0126 0.0060 
(fa/25 r’4C.)’*—me | 8 115 340 900 3000 








“First value calculated by equation (9); second value is for diffusion through 
base n region only (i.e., r- = 0). 


Tue Units. Table 1 gives parameters of interest for several types of 
transistor. Structural, material, and electrical parameters for the Bell 
‘Telephone Laboratories’ developmental M1778 p-n-p unit are averages 
for large numbers of units. The electrical parameters of the surface- 
barrier transistor announced by Philco were taken from a talk by W. H. 
lorster before the Philadelphia I.R.E., Dec. 3, 1953 (Ref. 12). The 
structural and material parameters have been estimated. The p-n-i-p 
structures and materials were assumed and electrical parameters were 
calculated from them by the equations (1) to (11). Mobilities measured 
of low resistivities by M. B. Prince (Ref. 9) were used in the calcu- 
ations, 


Vicures or Merit. The last row of Table 1 gives (f4/257’,C.)%, which 
was discussed previously as a gain-bandwidth figure of merit for a broad 
band common emitter amplifier. It is also related to the maximum fre- 
queney at which reliable oscillations may be obtained. The figure of 
merit w?yC, is the open circuit voltage feedback ratio at the alpha cut- 
off frequency and gives some indication of the balance between the two 
time constants, 1/m and RC, Tt is also approximately the ratio of in- 
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put impedance to output impedance in a common emitter broadband 
amplifier at high frequencies. 


Comments. It should be noted that the emitter depletion layer capaci- 
tance is significant in all the p-n-i-p designs and that barrier transit time 
reduces alpha cutoff frequency some forty per cent in the highest fre- 
quency design. Despite this, it is probable that p-n-t-p or n-p-i-n ger- 
manium junction triodes will serve as oscillators and perhaps amplifiers 
at frequencies as high as 3000 me. 


EXPLORATORY MODELS 


OssEcTIvEs. While the p-n-i-p transistor will be useful for high voltage 
and high power operation, exploratory development work has been di- 
rected toward good performance at very high frequencies. The initial 
electrical objectives set were those of p-n-i-p No. 1 of Table 1: fa = 100 
me, C, < 1.0 pf, and 7’, = 34 ohms. The base thickness of 0.13 mil and 
base resistivity of 0.14 ohm-em are the critical structural parameters. 


Fasrication. Although p-n-i-p’s might conceivably be built in a single 
operation, one procedure used has two major parts. The first is the pro- 
duction and evaluation of 2-mil thick wafers of intrinsic germanium with 
a skin or surface layer of 0.1-1.0 ohm-cm n germanium 0.3-0.5 mil thick. 
The second step is the alloying of collector, emitter, and base electrodes 
to these wafers. 

Wafers with n-type skins have been made by three methods. Intrinsic 
crystals growing from a melt by the Teal-Little technique have been 
doped with arsenic, grown for a few seconds longer (another 0.5-1.0 
mil), and snatched mechanically from the melt. The resulting crystal 
surface has a mirror finish and is relatively flat. N-type skin layers have 
also been produced by alloying the wafer surfaces with lead-arsenic 
and lead-antimony mixtures and by the diffusion of arsenic into wafer 
surfaces. 

Collector and emitter electrodes are alloyed by the indium germanium 
process with times, temperatures, and quantities of indium selected to 
give desired alloying depths. Ring-base connections of antimony- and 
gold-plated kovar have been used. 


MEASUREMENTS. Progress toward the initial design objectives men- 
tioned previously has been encouraging. The predicted behavior has been 
verified semiquantitatively. The capacitance of a 15-mil diameter col- 
lector is usually less than 1.0 pyf at V. = —25 v as predicted in design 
No. 1 of Table 1. Ohmic base resistances generally less than 50 and as 
low as 5 ohms have been measured. However, the highest alpha cutoff 
frequency obtained as yet is 25 me, limited primarily by the thickness 
of the base layer. At present this is of the order of 0.30 mil so that an 
alpha cutoff frequency of 25 me is about what would be predicted. 
Further development of the technology of fabrication seems reasonably 


straightforward at least to the design objectives of No. 1 and No, 2 of ~ 


Table 1, 
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The best unit measured to date showed a» > 0.96, fa = 25 me, 7”, ~ 60 
ohms, and C,~ 1.8 yyuf. These values agree quite well with those ex- 
pected from the resistivities and layer thicknesses employed. The unit 
oscillated at 95 me with V, = —30, J, = 1.0 ma. Connected in a com- 
mon emitter video amplifier working from a 75-ohm generator impedance 
into a load resistance of 2150 ohms shunted by 5 wuf of capacitance, this 
unit produced a power gain of 23 db at 500 ke, falling to 20 db at 3 mc 
and 15 db at 10 me.* In an uncompensated common emitter tuned 
circuit, this unit gave 20.5 db at 10 me with 3 me bandwidth between the 
three db points.* It has been operated with a collector voltage of —90 v. 


SUMMARY 


The designed elimination of donors and acceptors from a thick col- 
lector depletion layer introduces a new design variable in junction tran- 
sistor triodes. The new structure (p-n-i-p or n-p-i-n) is believed capable 
of development into the microwave frequency range. Several factors 
which were of second order importance in p-n-p and n-p-n units such as 
emitter depletion layer capacitance and collector transit times become 
significant in limiting ultimate performance. The thick depletion layer 
permits operation at higher voltages than were previously possible in 
any but low frequency units. 

Moderately good results have been obtained already. Units having 10 
mil emitter diameter, 15 mil collector diameter have produced stable 
gains without compensation of 20.5 db at 10 me and have oscillated 
at 95 me. 

The junction transistor now promises to be a serious competitor to 


high vacuum triodes over a much larger range of frequencies and power 
levels than before. 


REFERENCES 


J.S. Saby, Proc. IRE, Vol. 40 (Nov. 1952), pp. 1358-1360. 
R. L. Wallace, Jr., L. G. Schimpf and E. Dickten, pp. 456-468, this volume. 
K. G. McKay and K. B. McAfee, pp. 135-148, this volume. 
a Shockley and R. C. Prim, Phys. Rev., Vol. 90 (June 1, 1953), pp. 753- 
5. G. C. Dacey, Phys. Rev., Vol. 90 (June 1, 1953), pp. 759-763. 
6. J. M. Early, Proc. IRE, Vol. 40 (Nov. 1952), pp. 1401-1406. 
li - ie pp. 289-325, this volume, 
8. W. Shockley, M. Sparks and G. K. Teal, Phys. Rev., Vol. 83 (July 1, 1 

p. 151. See also Early, Ref. 7. yee 
9. M. B, Prince, Phys. Rev., Vol. 92 (Nov. 1 1953) 

) ’ . > 1 , pp. 681-687. 

10, E. J, Ryder, Phys. Rev., Vol. 90 (June 1, 1953), p. 766. 
U1, R. C, Prim, B.S.T7.J., Vol. 32 (May 1953), pp. 665-694. 
12, W, E. Bradley, et al., Proc, IRE, Vol. 41 (Dee, 1953), pp. 1702-1720. 


13, C. W. Mueller and J, I, Pankove, RCA Rev. 
aa ; ev., Vol. 14 (Dee, 1953), pp. 


1 
2. 
5; 


4 


~I 


* These measurements were made by L, G, Schimpf, 


340 PRINCIPLES OF TRANSISTOR DESIGN 


5F. HIGH-FREQUENCY POWER GAIN OF 
JUNCTION TRANSISTORS * 


R. L. PRITCHARD 


The purpose of this paper is threefold. First, the subject of maximum 
available power gain at high frequencies is discussed briefly. Also, mazx- 
mum gain for a four-terminal network driven by a generator having a 
purely resistive internal impedance is calculated in terms of small-signal 
parameters of the network. Then a theoretical model of a junction tran- 
sistor comprising the ideal one-dimensional model plus a base impedance, 
which may be complex and frequency-dependent as in the case of grown- 
junction transistors, is introduced for the network to obtain an expression 
for maximum available power gain in terms of fundamental device param- 
eters. Experimental results, which are given for a number of grown- 
junction transistors, tend to confirm the theoretical expression. Finally, 
an idealized model of a grown-junction transistor is introduced, and the- 
oretical power gain is calculated in terms of physical parameters. Such 
calculations show, for example, that 30 db of gain should be available 
at 5 mc and that such transistors should be capable of oscillating up to 
several hundred mc. 


INTRODUCTION 


The subject of the high-frequency performance of a junction transistor 
has received considerable attention during the past few years. Variation 
of transistor parameters with frequency has been discussed in some de- 
tail (Ref. 1), and recently several writers have presented equations for 
relating high-frequency power gain to transistor parameters for tran- 
sistors having constant base spreading resistance (Ref. 2). The purpose 
of the present paper is threefold. First, the different ways in which 
power gain at high frequencies may be defined is discussed briefly. Then 
an equation is presented for calculating high-frequency power gain in 
terms of four-pole parameters for a transistor which is conjugate-matched 
at the output and which is driven by a generator having a purely resistive 
internal impedance. Second, a new, different expression relating high- 
frequency gain to fundamental device parameters is presented for the 
case of junction transistors in which base-spreading resistance is not con- 
stant at high frequencies, e.g., as in grown-junction transistors. Results 
of measurements of power gain for approximately 60 grown-junction tran- 
sistors are shown which tend to confirm the validity of this theoretical 
expression. Third, values of high-frequency power gain are calculated for 
an idealized theoretical model. of a grown-junction transistor triode, in 


* Originally published in Proc, 7RH, Vol, 48, Sept, 1955, 
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order to illustrate what upper limit exists on power gain from such tran- 
sistors. For example, calculations show that 30 db of power gain should 
be available at 5 mc, and that such transistors should be capable of oscil- 
lating up to several hundred me. 


DEFINITION OF HIGH-FREQUENCY POWER GAIN 


At high frequencies, there is no clear-cut interpretation for the maxi- 
mum gain of a junction transistor, since under proper terminations a tran- 
sistor may oscillate. Hence, maximum gain could be infinity. Accord- 
ingly, in general, gain must be maximized subject to certain constraints. 
One measure of power gain is the unilateral power gain, or U function, 
proposed by Mason (Ref. 3). On the other hand, J. G. Linvill has de- 
rived an expression for the maximum gain available from a general 
linear four-terminal network in terms of the series-parallel h param- 
eters (Ref. 4). This expression yields a value of gain within 3 db of the 
maximum possible gain available, unless the transistor would oscillate 
under proper terminations. By an additional simple calculation, it is 
possible to determine whether or not oscillations could be obtained, i.e., 
whether or not the transistor is potentially unstable. 

Alternatively, the writer has calculated the maximum gain available 
f rom a four-terminal network when driven by a generator having a purely 
resistive internal impedance, as shown in Fig. 1. The importance of 


Rg 







+ 
7 FOUR-TERMINAL 
9 (~) NETWORK &2 YL 


lia. 1 Four-terminal network with variable load admittance and with generator 
having resistive internal impedance. 


such a calculation lies in the fact that experimental determination of high- 
frequency gain often is made as shown in Fig. 1 (Ref. 5). By employ- 
ing this type of measurement, it is often possible to avoid oscillations 
which otherwise might result if an attempt is made to conjugate match 
at both output and input terminals simultaneously. The very important 
question of how much gain can be obtained with a potentially unstable 
transistor (gain vs stability question) is not considered in this paper. 
What ts required here is a relationship between network parameters and 
network performance. For this purpose, (1), based on the circuit of 
Fig. 1, is quite satisfactory (although Linvill’s result (Ref. 4) is more 
general), and experimental results can be obtained easily with the circuit 
of Fig. 1. Furthermore, as noted below, under certain conditions (which 
are satisfied quite well by most junction transistors in grounded-emitter 
operation at high frequencies) the maximum gain available from the 
cireult of Fig, 1 will be within a few db of the maximum gain available 
from the transistor under any conditions of termination, 
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The maximum available power gain for the circuit of Fig. 1 is given 
by the equation (see Appendix A of this paper) : 


Gay = | hax |?/[2r11920(1 + Pm) | H,, Dm > 0, ‘ (1) 
where 

Ti = Re (hii), 922 = Re (hep), H, = Re (Aygha1), (2) 

and 

>A, H\]\* 
mal t()- + 
T11 111922 tii/ \A, 

with 

«11 =Im (hii), H; = Im (higha1). (4) 


Here Re and Im denote real and imaginary part, respectively. 

‘Physically, parameter p,, of (3) may be identified as the ratio of gen- 
erator resistance Rym required for maximum gain, with conjugate match- 
ing at output circuit, to short-circuit input resistance ri; i.€., Dn = 
(Rom/T11). ; 

It should be emphasized that (1) is valid only for p,, > 0. For the 
conditions that yield p,, = 0, the circuit determinant vanishes; this cor- 
responds to the condition for oscillations in the circuit shown in Fig. 1. 
Infinite gain, i.e., oscillations, also may be obtained for other values of 
Dm, @.g., if the denominator of (1) vanishes. Consequently, since the 
parameter H, in (3) above may be positive for a junction transistor 
(Ref. 6), under proper conditions a transistor may oscillate in the circuit 
shown in Fig. 1, even with a purely resistive generator impedance. 

A few additional remarks concerning (1) and (3) may be in order. 
First, note that at low frequencies all reactive terms vanish, and (1), to- 
gether with (3), reduces to the exact equation for calculating maximum 
gain of a purely resistive four-terminal network (Ref. 7). Second, note 
that at high frequencies, calculations for (3) may be simplified some- 
what by neglecting terms involving the reactive part 211 of the short- 
circuit input impedance hy. Physically, this would correspond to tuning 
out the short-circuit input reactance, i.e., to adding in series with R, a 
reactance —211. Since the actual input reactance of the transistor may 
be quite different from x11, this would not correspond to conjugate match- 
ing at the input. W. N. Coffey of General Electric Research Laboratory 
has considered the resulting gain expression in some detail and has pointed 
out that (Ref. 8) the value of gain obtained from (1) by setting 711 = 0 
in (3) also represents the maximum gain available with a variable com- 
plex generator impedance Z, and a variable load conductance G;, with 
the open-circuit output susceptance bey tuned out, ie., I,(Y,) = —boe. 
Finally, it might be noted that if the short-circuit input reactance 2, is 
equal to zero or can be tuned out and if (H,/ri1g22) is small relative to 
unity, then p,, may be replaced by the first two terms of its series ex- 
pansion, and (1) reduces to the expression given by Linvill. 
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HIGH-FREQUENCY POWER GAIN IN TERMS OF 
FUNDAMENTAL TRANSISTOR PARAMETERS 


In order to calculate available gain for a given transistor, it is neces- 
sary merely to substitute measured values of the four complex h param- 
eters into the appropriate equation by which gain is to be defined. How- 
ever, by considering an appropriate model of a junction transistor, it is 
possible to relate the h parameters to certain fundamental device param- 
eters of the transistor and hence to obtain an expression for high-fre- 
quency gain in terms of these fundamental parameters. The model com- 
prises the usual ideal one-dimensional transistor in series with a base 
impedance 2’, (refer to Fig. 2(a)). For most of the fused-junction 





(b) GROUNDED EMITTER 


(@) GROUNDED BASE 


Fic. 2 Ideal transistor plus base impedance; (a) grounded-base operation, (b) 
grounded-emitter operation. 


transistors, z’, is real and is the base spreading resistance 7”,.. How- 
ever, for grown-junction transistors, in general, the distributed nature of 
the transistor parameters in the transverse direction ‘of the base region 
must be taken into account. Results of a theoretical analysis (Ref. 9) of 
a two-dimensional (distributed) model have shown that under simplify- 
ing conditions, such a transistor may be represented by the model shown 
in Fig. 2(a), in which case z’, may be complex and frequency dependent 
at high frequencies. Hence, the two-dimensional distributed model actu- 
ally may be represented by the ideal one-dimensional model plus a com- 
plex base impedance. 

The h parameters for the ideal transistor have been described in gen- 
eral terms, in some detail (Ref. 1). However, in order to obtain a rela- 
tively simple expression for maximum gain, certain assumptions can be 
made, consistent with what may be expected in commercially available 
transistors under practical operating conditions. For example, the emit- 
ter-efficiency term y in the expression for current-amplification factor 
can be assumed to equal unity at all frequencies. Moreover, this as- 
sumption will be valid for practical transistors at not too high nor too 
low values of de emitter current (Ref, 10), 
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Under such assumptions, fairly simple analytical expressions can be 
obtained for the h parameters for frequencies up to approximately twice 
the alpha cutoff frequency. For example, see the equivalent circuit in Ap- 
pendix B of this paper. Unfortunately, however, for grounded-base oper- 
ation a relatively simple expression for gain does not result, although 
numerical calculations can be carried out fairly easily. Furthermore, 
if the subject of stability is investigated with the help of Linvill’s gain- 
stability criterion (Ref. 4), it is found that the grounded-base configura- 
tion may be unstable at frequencies up to approximately the alpha cutoff 
frequency. 

On the other hand, if the grounded-emitter configuration is considered, 
a relatively simple, compact expression can be obtained for maximum 
gain. Furthermore, when Linvill’s criterion is applied to this case, it is 
found that stable maximum gain can be obtained down to much lower 
frequencies. 

For grounded-emitter operation, the h parameters of the transistor 
model, which is shown in Fig. 2(b), are as follows: 


zg! + h’ (e) h’ (e) 
[h®} = b 11 12 |: (5) 
h’g1? h'g9 


where h’ denotes the grounded-emitter h parameter for the theoretical 
model. Note that the base impedance z’, appears only in one parameter, 
viz., in hy,. General expressions for the grounded-emitter h’ parameters 
are given in Appendix B. 

For calculating available power gain, the following simplifying assump- 
tions will be made: 


1. Emitter efficiency y = 1 at all frequencies. This can be achieved in 
practice at not too high nor too low de emitter currents (Ref. 10). 

2. Limiting case of low frequencies is excluded, e.g., low-frequency inter- 
terminal conductances are neglected. This is equivalent to assuming 
(1 — ao) = 0. Asa result of this assumption, the gain calculated ac- 
cording to the expression given below will be too high at low fre- 
quencies. Low-frequency gain can be calculated separately using 
completely different parameters, i.e., the low-frequency parameters, 
in order to determine when the high-frequency result becomes inap- 
plicable (Ref. 7). 

3. The effect of the base impedance is the dominant part of the input 
resistance 11, i.€., 711; >> 7’., where 7’, = (kT/q-I.) is the Shockley 
et al. emitter resistance. This will be true at larger values of de 
emitter current. 

4. The collector-base diffusion capacity Ca is much smaller than the 
collector-base barrier capacity C,. This will be true for not too large 
values of de emitter current density. Hence, high-frequency output 
conductance go is predominantly due to the effect of colleetor-base 


barrier capacity Cy. Also, it follows that the feedback due to C, is 


much larger than that due to Early effeet at high frequencies, ie. 
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in the expression for hy‘? (see Appendix B of this paper), 
Mec K 0.8w-C'-r’., where pee is the Early feedback factor (Ref. 11). 


Consideration of the assumptions shows that, in general, gain will be de- 
creased at low emitter currents and at high emitter currents. Actually, 
assumptions 1, 3, and 4 may be removed at only a slight expense in com- 
plexity. This is done below for the case of the grown-junction transistor. 

Under the above assumptions and over a limited frequency range (Ref. 
1 2) with (w/we) < 2, where w,/2z is the alpha cutoff frequency, the follow- 
ing approximate expressions may be obtained for the parameters required 
in calculating gain (see Appendix B of this paper): 

T11 = Re (2’o), 922 = 0.80-C., 
| hoi |? = (1.2w/w,) = 

and (Ref. 13) 


Re (higho1) = H, (6) 


eee al 


where C. is the emitter-base barrier capacity. As a consequence of assump- 
tions 3 and 4 above, 


a Hee (w/e)? C 
= + (= ‘) Jer 1.2 Cer’. (1+ € )| 
711922 BT7yyw-C', ry + 1.2(wCer’e) + 36, <K oO 


For a transistor having a constant base spreading resistance r’s, e.g., a 
normal fused-junction transistor, 71; = 7’, and (21/711) «1. Then (6) 
and (7) may be substituted in (1) to yield the now familiar expression 


(Ref. 2), 
A =) 1 (ss 
a Ae Ce 289? \r'eCe 


0.05-0.1 < (w/w) < 2. (8) 








-|* + (weC cv ré) + (wC or’)? (1 + 














GROWN-JUNCTION TRANSISTOR 


On the other hand, for the distributed model of the transistor, e.g., a 
grown-junction transistor with a base contact that approximates a line 
contact, analysis (Ref. 9) indicates that under the assumptions described 
above, 


ri [Ror’./2.4(w/w,)], provided 
R we) 14 
[aera ” 


/ 
Ye 


where Ry, is the transverse base resistance of the transistor. (For a 
tetrode transistor, Ry, would be the base-base resistance.) 
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If this inequality is not satisfied, the grown-junction transistor be- 
haves like a fused-junction transistor with a simple base spreading re- 
sistance 7’, = R,/3 (Ref. 14). This will be true in general at low and 
medium frequencies. Accordingly it is convenient to substitute this 
frequency-independent value of 1”, for Ry (which is not generally known 
for a triode) in (9) ; this yields: 


ri & [r’pr’./0.8(w/w-)] 4 [r’y(w/ee)/1’e]% > 1. (9a) 


In this case, (211/r11) being = —1, is not negligible, and the expression 
for pm of (3) becomes a bit cumbersome. Hence, in order to obtain a 
simple expression for gain, it is convenient to assume that Pm can be ap- 
proximated by unity in (3) (Ref. 15). In this particular case, the result- 
ing expression for gain becomes identical with that calculated from 
Linvill’s expression (since H,/ri1922 is negligible (Ref. 13)). 

Substitution of (9a) together with (6) in (1) and (2), with pm = 1, 
yields, 


ea welt 0.05-0.1 < (w/w) <2 
ay =. w Clr’ sr’) . . W/ We . 
[1’p(w/we)/r’]* > 1. (10) 


Comparison of this result (applicable for grown-junction transistors) 
with (8) (applicable for fused-junction transistors) shows that the avail- 
able power gain at high frequencies still is dependent upon the same 
parameters, viz., medium-frequency base-spreading resistance 7», col- 
lector-base capacity C,, and alpha cutoff frequency w-/27. Note, how- 
ever, that the dependence is different for the distributed model (grown- 
junction transistor), e.g., gain at a given frequency is proportional to the 
square root of the alpha cutoff frequency, and gain varies with frequency 
at the rate of 15 db/decade rather than at 20 db/decade. Note also that 
for the distributed model, gain varies inversely as 7’.%, i.e., gain is di- 
rectly proportional to the square root of de emitter current J.. Although 
this can be confirmed in practice, variation of gain with J, also can result 
from second-order effects, e.g., when one or more of assumptions 1, 3, 
or 4 above is not strictly valid, or when 7”, varies with I, (Ref. 14). 


Seconp-Orper Errects. In view of the theoretical dependence of gain 
upon de emitter current I, for the distributed-model transistor, it might 
be of interest to remove several of the restrictions imposed above in 
order to calculate what might be called second-order correction terms. 


In particular, if the effect of emitter capacity is taken into account for — 


low I,, and if the effect of collector-base diffusion admittance is taken 
into account at high emitter current density, the more complete expres- 
sion for gain becomes 


Gm oe wo" 1 1 an 
wh O(n" ars) 4 (1+ Ca/Ce) V1 + 0.806" Cr 
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In this equation, Cp = (C,+C,) is the sum of emitter-base and col- 
lector-base barrier capacities, and Cq is the (frequency-independent) col- 
lector-base diffusion capacity, due to the effect of space-charge-layer 
widening and the charge stored in the base region by the dc emitter cur- 
rent J. In particular, Ca is directly proportional to J, and to Early’s 
space-charge-layer widening factor, which in turn is a function of the 
nature of the collector junction (Ref. 16). Furthermore, it should be 
noted that the ratio of C4/C, is an indication of injection level (Ref. 17). 
High-level injection occurs when the injected minority-carrier charge 
density is comparable with the majority-carrier charge density normally 
present in the base. For Ca/C, ~ 1, these two charge densities are ap- 
proximately equal. 

The expression given above is substantially complete except for the 
decrease of current gain at large values of dc emitter current, due to high- 
level injection effects. However, if it is assumed that the current gain 
is not adversely affected unless high-level injection is fairly substantial, 
then (11) will be valid up to approximately Ca/C, ~ 1 (Ref. 18). In 
this case, it might be noted that if the term involving C7 is negligible, a 
maximum power gain with respect to de emitter current, with all other 
parameters held constant, occurs for Ca/C, = 1. 


EXPERIMENTAL RESULTS. In an attempt to check the validity of (10), 
power gain and small-signal parameter measurements were made for a 
large number of grown-junction transistors originating from a number 
of different sources. Results for a de emitter current J, = 1 ma are shown 
in Fig. 3 in which each point corresponds to a different transistor. For 
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Via, 8 Grounded-emitter maximum available power gain with resistive generator 
impedance as a function of gain factor [f.'4/(r’») “Cy9]; experimental results 
for a number of grown-junction transistors at 6 me, 
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each point, the ordinate valie represents the maximum power gain avail- 
able at a frequency of 5 m: from a particular transistor in a grounded- 
emitter configuration, driven by a generator having a variable but purely 
resistive internal impedance, while the value of the abscissa is calculated 
from measured values of f,,7”, and C22 for that transistor. The solid line 
in Fig. 3 represents an “average curve” about which the experimental 
ints appear to group themselves. 
Se apie election of transistors was employed for these measure- 
ments, although certain tyes of units specifically were excluded. The 
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Fig. 4 Grounded-emitter maximum available power gain with resistive generator 
impedance as a function of gain factor [f./r’sC22]; experimental results 
for a number of growr-junction transistors at 5 me. 


latter included transistors having poor low-frequency characteristics, 
transistors having alpha cutoff frequencies < 2.5 me [in view of the 5 me 
measuring frequency and of the restriction on (10) J, transistors with 
emitter efficiencies y appreciably different from unity at high frequencies 
(“slow-drool” type of alpha frequency behavior) (Ref. 19), and tran- 
sistors having a large emitier-base overlap capacity (Ref. 20). 

The dotted line shown in Fig. 3 represents the theoretical result calcu- 
lated from (10) for J, = 1 ma (7, = 25). Note that the solid line drawn 


through the experimental results lies about 3.5 db below the dotted line, — 


Also note that no single point approaches the theoretical dotted curve 
more closely than about 1 db (Ref, 15). 

The same experimental results also have been plotted as a function of 
the older parameter (f,/1,Cyy) derived for transistors having constant 
base-spreading resistance, as shown in Fig, 4, Although there definitely 
is a correlation between Gy and this parameter, as indicated by the solid 
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line, the relationship is not according to theory, as shown by the dotted 
line calculated from (8). Also note that a large number of experimental 
points lie above dotted curve in Fig. 4, i.e., for a large number of tran- 
sistors (mostly those having lower gain) measured gain exceeded theo- 
retical gain as calculated from equation (8). 

Variation of available power gain also has been measured as a func- 
tion of frequency, of de emitter current, and of de collector voltage for a 
smaller number of transistors. In general, the experimental results are 
in agreement with the theory. For example, G varied as w—15 to w-17, 
Also, gain increased with increasing emitter current at first and attained 
& maximum with respect to J, at a moderate value of I, (of the order of 
1-10 ma for the transistors measured). Finally, G increased with in- 
creasing collector voltage until collector-breakdown voltage was ap- 
proached (Ref, 21). 


DESIGN CRITERIA FOR DISTRIBUTED MODEL 


Since the high-frequency power gain of a distributed-model (grown- 
junction) transistor depends upon the same circuit parameters as does 
the constant-7’, model (fused-junction) transistor, the same general de- 
sign criteria that have been described previously (Ref. 22) also may be 
applied to the grown-junction transistor. However, since the nature 
of the dependences is different for the two types of models, a few re- 
marks together with numerical examples concerning optimum design for 
high-frequency performance may be of some interest. 

In addition to the different manner in which base spreading resistance 
influences gain in the grown-junction transistor [ef. (10) and (8)], this 
type of transistor also may have a graded collector-base junction, result- 
ing in potentially lower collector-base capacitance than in the fused- 
junction transistor. (Generally a rather abrupt emitter-base junction is 
preferred in order to yield good high-frequency emitter efficiency.) The 
value of the collector-junction gradient represents one additional param- 
eter for the design of high-frequency grown-junction transistors. In gen- 
eral, however, the gradient will be a function of majority-carrier concen- 
tration in the base, i.e., of base resistivity. For example, in one case 
which has been considered for computation and has been termed propor- 
tionately graded, the majority-carrier concentration (Na — Na) is as- 
sumed to vary with position x through the base region as shown in Fig. 5. 
Consequently, the concentration gradient A = 2N,/wo, where N, is the 
maximum value of (Nz — Ng) in the base, and wo would be the base 
width in the absence of a collector depletion layer. 

In order to calculate theoretical gain for a physical model of a grown- 
junction transistor, the circuit parameters of (10) may be related to the 
various physical parameters such as base dimensions, base resistivity, etc. 
All of these calculations are straightforward and will not be repeated 
here because of space limitations, If this is done, the following expres- 
sion results for the first-order gain of a theoretical distributed-model 
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transistor having substantially constant majority-carrier concentration 
N, in the base: 


0.5qe"4/eoer\ [ (d/h) 41.) [ (unttpNs) 22m 
Gav = (A) ee ae 


w 


; (12) 
we 


A corresponding expression for the constant-7’,-model transistor could be 
obtained from (8) rather than (10). Such a result already has been 
given by Giacoletto (Ref. 23). In (12), qg- is the electronic charge, €o is 
the free-space dielectric constant (8.85 10-1? farad/meter), ¢, is the 
relative dielectric constant of the semiconductor (e.g., « = 16 for Ge), 
d is the base depth, h is the transverse height of the base (for a tetrode 


(Na-Na) 


Np 





| ETION |_ COLLECTOR 

--pEcion--—>| OTTAYER =~ REGION 

Fie. 5 Variation of majority carrier concentration through base region of an 
n-p-n transistor having proportionately graded collector junction and 
abrupt emitter junction. 


transistor, h would be the base-base dimension), S is the base cross- 
section area (S = dh), wn and pp», are respectively the mobilities of elec- 
trons and holes in the p-type base region (which are functions of N ) 
(Ref. 24), and x, is the width of the collector-base-junction depletion 
layer (Ref. 25). 

With the help of (12), plus consideration of second-order effects, the 
variation of theoretical gain with each of the physical parameters for the 
distributed-model transistor could be discussed in detail. A few of the 
more pertinent results are as follows: ; 

1. For a fixed bias and fixed cross-section geometry (of conventional 
values), the theoretical gain is essentially independent of base width 
and base resistivity (within suitable limitations) and is essentially con- 
stant to within 3-6 db, depending upon the nature of the collector-base 
junction. , 

2. For a fixed cross-section area S, theoretical gain is directly propor- 
tional to the square root of the ratio d/h of base depth to base height, 
Henee, for maximum gain, a long thin cross-section geometry should be 
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employed with a line-type of base contact on the long side (dimension d) 
of the base. However, in practice, in order to obtain a good line contact, 
d/h probably would be limited to a moderate value, e.g., 2-5. 

3. As cross-section area is reduced, first-order gain is increased directly. 
However, the second-order term C4/C, increases owing to an increased 
current density in the base region, while the second-order term involving 
weC'71’. decreases owing to a decrease in total barrier capacity. Reduc- 
tion in cross-section area represents the most significant method of in- 
creasing gain over any appreciable range. 

A few numerical values of gain which have been calculated for various 
physical parameters (Ref. 26) are shown below in Table 1. Values of 


TABLE 1 THEORETICAL POWER GAIN, DISTRIBUTED-MODEL 
TRANSISTOR 
E, = 4.5v;f = 5me 
So 





pb First- | Second- 

c—b ohm- Wo d h I, order order 

junction | cm mils (10-7 in.) | ma | gain gain 
db db 

prop. gr. 1 0.39 10 +10 1 18.9 18.2 
prop. gr. 8 0.39 10 +10 1 18.7 17.7 
abrupt 1 0.39 10 10 1 14.5 14.0 
prop. gr. | 1 0.39 | 10 2.5 | 1 | 27.9 | 26.9 
prop. gr. 1 0.39 10 2.5 4 30.9 28.1 
abrupt 1 0.39 10 2.5 4 26.5 25.0 
prop. gr. 1 0.2 10 2.5 4 31.8 30.7 








gain are quoted at 5 me, but gain at other frequencies may be calculated 
from these values by adding or subtracting 4.5 db/octave change in fre- 
quency. Note, however, that the results are valid at high frequencies only 
if (w/we) <2, Also, it should be emphasized that these numerical values 
were calculated for a conventional grown-junction triode, as distinguished 
from a p-n-i-p or n-p-i-n transistor (Ref. 2) or from a drift transistor 
(Ref. 27). 


CONCLUSIONS 


The subject of maximum gain available from a junction transistor at 
high frequencies has been discussed briefly, A theoretical expression has 
been presented for calculating maximum gain available from a transistor 
driven by a generator having a purely resistive internal impedance in 
terms of the four-pole small-signal parameters of the transistor, Under 
certain conditions, this expression reduces to that given by Linvill for 
the maximum possible gain available from a transistor, 
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The four-pole parameters of a theoretical model of a junction tran- 
sistor then were substituted in this expression to obtain a simple concise 
result for evaluating high-frequency power gain in terms of three funda- 
mental transistor parameters, viz., alpha cutoff frequency, medium-fre- 
quency base spreading resistance, and collector-base capacity. Two dif- 
ferent expressions are given, one for the fused-junction type of transistor, 
for which a constant base spreading resistance is valid, and one for the 
grown-junction type of transistor, for which base spreading resistance 
becomes complex and frequency-dependent at high frequencies. Experi- 
mental results given for approximately 60 grown-junction transistors tend 
to confirm the validity of this second result, which is new. 

By further relating the three fundamental high-frequency transistor 
parameters to physical parameters, such as base resistivity and geometry, 
an expression has been presented for calculating typical available power 
gains for the grown-junction type of transistor. It has been emphasized 
that the most significant method of increasing high-frequency power gain 
over any appreciable range is to employ a rectangular cross section with 
small transverse dimension and to reduce total cross-section area. For 
square cross-section area of 100 mil’, gains of the order of 15-18 db 
should be available at 5 me. Gain at other frequencies can be calculated 
by addition or subtraction of 4.5 db/octave frequency change. By reduc- 
ing cross-section area to, say, 25 mil? and by employing rectangular 
cross section with a line type of contact along the longer cross-section 
dimension, 30 db of gain should be available at 5 mc, and it should be 
possible to obtain oscillations from such triode transistors up to several 
hundred me. 


APPENDIX A 


CALCULATION OF MaximMuM AVAILABLE Power Gain. Available power 
gain for a quadripole in a circuit as shown in Fig. 1 in general is given 
by the equation (Ref. 28) 


a 4R,Gz| he: |? 
| (Aix + Ze) (hoo + Yu) — higher |? 
where R, and G_ are the real components of the generator and load immit- 


tances Z, and Yz respectively. (For this calculation, Z, = R,.) By sepa- 
rating the complex four-pole parameters h;; into real and imaginary parts, 


Gav (13) 


An =T1+J9e11, hee = goo + jboe 
higho, = H, + JH; Y, =G,+ jB1, 
and by defining dimensionless variables 
wm i+ (Re/ri), ym 1+ Gr/goa), = 1 + (Br /baa), 


Am rida, Bm aybo, Cm aidan, . D& ryybys, 
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Equation (13) may be written in the form 


_ 44 |har2@ — DY - 


Gay 
x2 + y?2 


(14) 


where X = (Azy — Bz — H,) and Y = (Cy + Daz — H,). 

In order to maximize available power gain, (14) may be differentiated 
with respect to each of the three variables z, y, z, corresponding to varying 
R,, G_, and By, respectively, and the results may be set equal to zero. This 
yields the following three equations: 

2(x — 1)[AXy + DYz] = X? + Y?, 
2(y — 1)[AXz + CY] = X? 4+ Y?, (15) 
BX = DYxz. 


A solution to the last two equations of (15) is 
X = 2(y — 1)Aza, Y = 2&y — 1)C, (16) 


valid for any x, i.e., for any R,. Physically, the conditions expressed by 
(16) correspond to setting the load admittance equal to the complex con- 
jugate of the transistor output admittance, for any arbitrary R,, Le., 


AH,x + CH; 

(Gi/go2) = (y-— 1) =1—- Azz? +0 , a7) 
DH x — BH, 
—(Br/bs2) = (1 — 2) =1—- D?x? + B? , 


Substituting (16) and (17) in the first part of (15), then yields a fourth- 
(degree equation in x which can be factored into two quadratic equations. 
One of these yields no real solution for x; the other is 


A®z? — 2A%x + AH, — C2? + CH, = 0. (18) 


Alternatively, (16) and (17) may be substituted directly back into (14) to 
obtain an expression for Gay as a function of x alone. This expression then 
tay be maximized with respect to z. This is a far simpler procedure and 
leads to the same result (18). Eq. (18) may be solved for 


(@ — 1)? = (Re/ri1)? = 1 — (H,/A) + (C/A)? + (CH,/A?), (19) 


Which is (3) in slightly different form. 
Then, substitution of (16) and the first part of (17) back into (14), plus 
manipulation of the result with the help of (16), yields 


Gay = |hoy |?/(2Ax —_ H,), 
where w is given by (19). ‘This is (1) in slightly different form. 
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APPENDIX B 


h-PARAMETER REPRESENTATION OF JUNCTION TRANSISTOR IN GROUNDED- 
Emirrer ConFicuraTion. The grounded-emitter h“ parameters for an ideal 
one-dimensional transistor may be calculated by conventional transforma- 
tion from the grounded-emitter admittance or y‘® parameters. The latter 
parameters can be calculated in terms of the grounded-base y parameters 
(Ref. 1) from the relation 


Ys —(Y12 + Y22) 
[ly] = |. (20) 
h — (Yor + Y22) Yo2 
where 
Then (Ret, 29) s = (Yi + Yi2 + Yor + Y22). 
en (Ref. 29), 
A] = 1/yz (Yi2 + Y22)/Yx |. (21) 
—(Yor + Y22)/Ys — (Yr1Y22 — Yr2Yo1)/Yz 


It should be noted that emitter-base and collector-base barrier capacities 
C., C, are included here in y;; and yg, respectively. 

Each h‘® parameter can be calculated in terms of base thickness, dif- 
fusion constants, etc., if desired. However, it may be of more practical 
interest here to express each h“) parameter in terms of appropriate low- 
frequency parameters and a single frequency variable, namely, w/we, or 
(radian) frequency w relative to alpha cutoff frequency w-. Thus, for the 
special case of unity emitter efficiency y (Ref.10) the current-amplification 
factor a = B, where 

B = Bo sech (jury), (22) 


is the transport factor. In (22), Bo is the low-frequency value of 8, and 


Tp = 2.43/we, (23). 


where w,/2m is the alpha cutoff frequency. In this special case (Ref. 30), 
s = yl — BL + Bec) + jo(Ce + Ce), (24) 


where 1 
y'e = (1/r' )[(jorp) 4 coth (jorp) 4] (25) 


is the emitter-base diffusion admittance, and r’, = (kT /qel.) is the Shock- 
ley, et al., emitter resistance; pec is the voltage-feedback factor described 
by Early (Ref. 11) and C., C, are, respectively, pralnter bane and collector- 
base barrier capacitances. Similarly (Ref. 31), 


(y12 + Yo2) = MecY "(1 a B) + jwC. 
— (yor + Yo2) = y’(B — bec) — joC. 


(Y11Y22 — Yr2¥or) = Ye \J@(Co H+ MecC.) + ———- wae ae 5 [(y’r’) (1 — 6*)) 
(26) 


where gop is the low-frequency collector-base Early conductance (for 
y= 1), 
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In general, wee is very small and may be neglected relative to unity and 
to 8. In this case, expressions for the h‘) parameters of the ideal transistor 
may be obtained as follows: 





hy? = fy’ — BIL + J}, (27) 
hy? = [Mec + joC./y’ 1 = B))/{1 “+ el, (28) 
a1? = [8/(1 — B)][1 — jwC./y’ BI/[1 + 4], (29) 
jw, 
ho = | od Jj 
MS lS tt pwroate|/o+a G0 
[1 + ¢] = [1 + go(C. + Ce)/y’(1 — 6)). (31) 


Alternatively, for hoo“ at high frequencies it is useful to express the second 
term involving the space-charge-layer widening factor in terms of the col- 
lector-base diffusion capacitance Cy due to charge stored in the base by de 
emitter current (Ref. 16). The relation for the theoretical model is simply 


gea/(1 — Bo) = (weCa/1.2). (32) 


However, it should be pointed out that for a practical transistor, the fac- 
tors geg and Bo in general will not correspond to measured collector-base 
conductance g, and current-amplification factor ag respectively (Ref. 
11, 16). The difference arises from the fact that although emitter effi- 
viency y may be essentially equal to unity without modifying the high-fre- 
(uency behavior of the transistor, if 8p is close to unity, (1 — yo) ~ 0 may 
be comparable with (1 — Bo). In this case, in (30) for ho", g.g/(1 — Bo) 
should be replaced by g-/(1 — ao) for low frequencies; however, at high 
frequencies, (30) as given is correct. Since in general it is not easy to differ- 
entiate between g-g and g., use of (32) is recommended for high frequencies. 
(It might be pointed out that if Ca « C,, then at high frequencies the sec- 
rs term in (30) for hag“ will be negligible compared to the term involving 
( 

It is especially important to note that all of the h“ parameters for the 
ideal transistor can be calculated completely in terms of four low-frequency 
parameters r’., Mec, Jes, Bo, plus two barrier capacitances C,, C., and two 
normalized functions of frequency, y’.r’. and (8/89). Each of the latter 
two functions depends only upon the 8 cutoff frequency w,/2r. Curves of 
(hese two normalized functions of frequency have been presented earlier 
lor a fairly wide range of frequencies (Ref. 1, 32). At low frequencies, 
each of the hyperbolic functions may be represented approximately by 
series expansions. Thus, 


(8/Bo) = [(L — #9/4) — j1.22]/(1 + 2), (33) 
ya's = [CL + 27/5) + J0.8a)]/[1 + 0.0627], (34) 
where 
Xm w/w 


in the ratio of frequency to alpha cutoff frequency, These expansions are 
wcourate to order ” and are valid up to approximately # 2, to an accu- 
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racy of approximately 10-20 per cent. [Somewhat less accurate series 
expansions have been given by Early (Ref. 1).] 

With the help of these series expansions, approximate expressions may 
be obtained for each h,;“? parameter in a straightforward manner. For 
example, if low-frequency effects are neglected, so that (1 — Bo) ~ 0, par- 
ticularly simple results are obtained: 


haa © [(r'/6) + (wer’/f1-2w)I/11 + €, (35) 
hyo ~ [wee + 0.80-Cor’(1 + jx/6)]/(1 + €, (36) 
hoy) = [—-1/6 + (1/f1.22) — 0.80-Cor’(1 + jx/6)]/[1 + €], (87) 
hog = [0.80-Ce(1 + jr) + 0.80-Ca(l + 70.2x)]/[1 + 4], (38) 

(1+ = [1 + 0.80.(C. + C.)r'(1 + jx/6)). (39) 


From these equations, together with the matrix (5), the parameters re- 
quired for calculating Ga, according to (1) and (3) can be evaluated readily. 
For example, for goo = Re(hg2“), from (38), to the first approximation, 
[see assumptions 1-4 following (5)] goo = 0.8w-C., whereas to the second 
approximation, 


go2 ~ [0.8w.(Ce + Ca)]/[1 + 0.80.(C. + Ce)r’]. 


Alternatively, the theoretical transistor can be represented by an equiva- 
lent circuit if desired. The basic circuit for h-parameter representation 1s 
shown in Fig. 6(a) (Ref. 33). This two-generator circuit also can be con- 


i2 
<= 





(a) BASIC CIRCUIT 


iy Yr2=(hi2/ hn) te 
— 


O+ 





(b) APPROXIMATE CIRCUIT 
Fic. 6 Equivalent circuits for representation of a network by small-signal series- 
parallel h parameters; (a) basic two-generator circuit, (b) approximate 
one-generator circuit. 


verted to a one-generator circuit by incorporating either shunt or series 
feedback. An approximate circuit employing shunt feedback, which is 
valid if |Ayg|« 1 and if |hyo|“«|hgi|, is shown in Fig. 6(b). 

For grounded-emitter operation of the transistor, the elements of the 
approximate equivalent circuit shown in Fig, 6(b) assure reasonable 
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and well-behaved values. For example, for frequencies less than approxi- 
mately twice w., relatively simple two-terminal networks for each of the 
elements can be constructed from the expressions given above for hij‘ in 
(35) to (38). These networks can be simplified further and reduced to 
simple components by neglecting certain terms with a loss of accuracy 
of approximately 20 per cent. Further simplification also results if it is 
assumed that pec is negligible at high frequencies. The resulting circuit 
for high frequencies is shown in Fig. 7; the base impedance 2’, also has 





lia. 7 Approximate high-frequency equivalent circuit for theoretical model of 
junction transistor; grounded-emitter operation. 


been included in accordance with the model shown in Fig. 2(b) (Ref. 34). 
In this circuit, the frequency variation of the current-generator constant 
hy has been taken into account by employing a simple pi network in 
the output circuit and by replacing ho: by a constant a/(1 — a9) (low- 
frequency value of hz;‘*), independent of frequency. As a consequence 
of this modification, the limiting low-frequency representation of hog‘) 
also can obtained from this circuit. To obtain the low-frequency repre- 
sentation for hy; and hyp, additional resistances 7”./(1 — a) and 1’¢/pee (1 

a) should be shunted across the input capacitance 1.2/,7’, and across 
(',, respectively. 

On the other hand, for grounded-base operation, use of the shunt-feed- 
back circuit shown in Fig. 6(b) leads to negative values for the admit- 
tunce (hy: — Yig) ; this is not especially desirable. A series feedback cir- 
cuit could be employed (e.g., see that given by Early (Ref. 11) for low 
frequencies). However, for high frequencies in grounded-base operation, 
feedback is predominantly due to the effect of the base impedance, and 
hy» of the inherent transistor is negligible. Consequently, the basic cir- 
cuit [Fig. 6(a)] may be employed directly for the ideal transistor, and 
al high frequencies, hy:e2 simply may be neglected. 

By combining the circuit of Fig. 6(a), sans voltage generator, with the 
model shown in Fig. 2(a), and by substituting appropriate low-frequency 
expansions for the grounded-base hi parameters of the ideal transistor, 
the cireuit shown in Fig. 8 has been synthesized (Ref. 35). _ In this circuit, 
ie in Fig. 7, a simple pi network has been used in the output circuit. 
Hlowever, in this case, although the resulting current-generator “constant” 
oan be made independent of frequency with respect to amplitude, it is 
necessary to include a frequency-dependent phase shift, i.e, a constant 
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Fic. 8 Approximate high-frequency equivalent circuit for theoretical model of 
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(1/@¢ Cy) 






-j0.2 (w/we) 





Aolee 


junction transistor; grounded-base operation. 


time delay, between the input current and current applied in the pi 
network. To complete the circuit for low frequencies, the voltage gen- 
erator pec€2 and a collector-base conductance g, must be added (Ref. 11). 


—_ 


nw 


10, 
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Under the assumption that (1 — a9) = 0, equations (6) are valid down to 
zero frequency. However, in a practical transistor with (1 — a )) 40, 
equations (6) will be valid for (1 — a9) « (w/w,) <2. 


3. This result is complete only for assumption 2 that (1 — 0 9) =0. In a prac- 


tical transistor, a considerably more important contribution to H,, especially 
at lower frequencies, arises from the factor (1 — 9). The contribution in 
this case is 


(1 — ap) 
(w/we)? 


It should be emphasized that this term, which is positive, may be sufficiently 
large in magnitude to satisfy the conditions required for infinite gain, i.e., 
oscillations, in (1) and (3). Since this term decreases with increasing fre- 
quency, such oscillations are most likely to occur at moderately low fre- 
quencies relative to f,. Accordingly, it is desirable to limit the validity of 
the equations given below for gain from a theoretical model of a junction 
transistor to frequencies greater than perhaps 0.05 », —0.lw, (although 
perfectly stable gain may be obtainable at lower frequencies). Linvill’s 
stability criterion applied to the theoretical model, yields the result that 
stable gain can be obtained for (w/w,) > 0.4(1",/r41). 


H, = [(weCer’e) + 0.6 ec, (w/e)? > 0.6(1 = ao)”. 


. See Pritchard and Coffey, op. cit., p. 93. Actually, this substitution is valid 


only for very small de base current. When a substantial transverse base 
current exists, e.g., as at higher values of de emitter current J,, a grown- 
junction triode behaves like an internally biased tetrode transistor (ibid., 
p. 95), and 7’, decreases with increasing J,. However, even in this case, the 
value of 37’, may be taken as a measure of the effective transverse base 
resistance. 

Actually, if the more complete expression (3) for p,, is considered for the 
theoretical model, as it should be when comparing experimental results for 
gain determined with a purely resistive generator impedance, the following 
results may be obtained: 

If H, and H;, terms are negligible, then p,, = V2, and actual gain will be 
approximately 0.8 db less than that calculated by setting p,, = 1. If the H 
terms are not negligible, oscillations may be obtained; see reference 13. 

See R. L. Pritchard, Proc. IRE, Vol. 41 (Aug. 1953), p. 1060; also R. L. 
Pritchard, Ref. 1, pp. 798-799. Explicitly, 


Ca * (Iw/Dv)(0w/dE.), 


where w is the base thickness, (@w/0H,) is the rate of change of base thickness 
with collector voltage, and D, is the diffusion constant for minority carriers in 
the base. Alternatively, that part of the output conductance go. which is due 
to stored charge may be written as 0.8 w.Ca = gea/(1 — Bo), where geg is that 
part of the Early collector-base conductance g, due to the transport function 
A, and Bo is the low-frequency value of 8. If emitter efficiency y is completely 
negligible, as assumed here, gop/(1 — Bo) = go/(1 — ao); this value can be 
obtained easily from low-frequency parameter measurements. However, in a 
practical transistor, with a close to unity, gop/(1 — Bo) may not equal 
do/(1 = ao), even though ¥ is nogligible at higher frequencies, 
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20. In such cases, « cutoff frequency would be quite dependent upon de emitter 
current, and the short-circuit input impedance would be largely capacitive- 
reactive in nature. See R. L. Pritchard, Proc. IRE, Vol. 43 (Jan. 1955), p. 39. 

21. The increase of G with increasing collector voltage is due to an increase in f, 
as base width is reduced by space-charge-layer widening and to a decrease 
in C,. 

22. See for example, Early, Ref. 2. 

23. L. J. Giacoletto, RCA Rev., Vol. 16 (March 1955), p. 37, equation (2). Note 
that because of the differences between this equation and (12) above, Giaco- 
letto’s semiconductor figure of merit (#,#)/¢,’%) is not directly applicable to 
the case of high-frequency grown-junction transistors. The corresponding 
figure of merit for a high-frequency grown-junction transistor having a 
line-type of base contact, with a linearly graded collector junction is 
[ (Hntlp)'2/e,%]. Note that in this case the comparison between silicon and 
germanium is much less unfavorable than in the case of the fused-junction 
transistor. (Ratio of figure of merit of germanium to that of silicon is 2.9 
for case of grown-junction and is 10.7 for case of fused-junction.) 

24. See for example, M. B. Prince, Phys. Rev., Vol. 92 (Nov. 1, 1953), pp. 681- 
687; Phys. Rev., Vol. 93 (March 15, 1954), pp. 1204-1206. 

25. For an essentially abrupt collector-base junction with collector resistivity 
very much less than the base resistivity, x», = (2e9¢-H,/q,N,)%, just as in 
the case of the fused-junction transistor. For the proportionally graded 
junction shown in Fig. 5, rt, = (6e9¢,H,Wo/qeN,)%. 

26. In these calculations, de base current is assumed to be negligible so that no 
internal tetrode biasing exists (see Ref. 14). Also for calculation of emitter- 
base barrier capacitance, a fixed value of total emitter-base potential (built- 
in potential plus applied voltage) of 0.25 v was assumed. Actually, this 
potential depends upon injection level and upon emitter resistivity, but the 
dependence is slight, e.g., see Early, Ref. 1. 

27. H. Kromer, Archiv elekt. Ubertragung, Vol. 8 (May 1954), pp. 223-228; Vol. 
8 (Aug. 1954), pp. 363-369; Vol. 8 (Nov. 1954), pp. 449-504. 

28. For example, R. L. Pritchard, Elec. Engrg., Vol. 73 (Oct. 1954), p. 903. 

29. See for example, J. S. Brown and F. D. Bennett, Proc. IRE, Vol. 36 (July 
1948), p. 852. Also R. L. Pritchard, Ref. 28, p. 905. 

30. If emitter efficiency is not unity, a diffusion admittance term of the form 
g(1+ jwr,)% described by Shockley must be added to the right-hand side 
of (24) and to y 1 in calculating hoo¢). See W. Shockley, B.S.7.J., Vol. 28 
(July 1949), pp. 449-450. 

31. In deriving the third of these results, use was made of the identity tanh 
Z = coth Z(1 — sechZ), 

82, R. L, Pritchard, Proc, JRE, Vol, 40 (Nov. 1952), p, 1480, 


83. The equivalent circuits described here also have been given by the writer - 


in Trans, IRA, Vol, CT-2 (June 1955), pp, 183191, 
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34. Note the similarity between this circuit of Fig. 7 and the hybrid-pi equiva- 
lent circuit of Giacoletto-Johnson. (See for example, Giacoletto, Ref. 2, or 
C. W. Mueller and J. I. Pankove, RCA Rev., Vol. 14 (Dec. 1953), p. 594, 
also Proc. IRE, Vol. 42 (Feb. 1954), p. 389.) The principal difference is 
that in the equivalent circuit above, the current generator in the output 
circuit is proportional to the actual input current to the over-all transistor, 
whereas in the Giacoletto-Johnson circuit, the current generator is propor- 
tional to a voltage at a point (b’) inside the equivalent circuit which is not 
accessible in practice. Also, in the latter circuit, the current generator is 
shown to be independent of frequency, whereas in theory, the output current 
should lag the b’ — e voltage by an appreciable phase angle, e.g., 22 degrees 
at the a cutoff frequency. 

35. Note the simplicity of this approximate circuit relative to the more exact 
circuits employing RC transmission lines (Pritchard, Ref. 16, Fig. 1; Ref. 1, 
Fig. 13, 16. Also, J. Zawels, J. Appl. Phys., Vol. 25 (Aug. 1954), p. 978. A 
simplified equivalent circuit incorporating a time delay (delay line) between 
input and impressed-output currents also was presented by W. F. Chow and 
J. J. Suran, Proc. IRE, Vol. 41 (Sept. 1953), pp. 1126-1127. 


ADDENDUM * 
R. L. PRITCHARD 


INTRODUCTION 


The preceding paper (Ref. 1), concerning high-frequency power gain 
of junction transistors included experimental results of measurements 
of power gain for a number of grown-junction transistors. Since the ap- 
pearance of the paper, the writer has been criticized for the method used 
(oO measure power gain, viz, by employing no neutralization and by not 
wonjugate matching in the input circuit. For example, one question that 
has been raised is whether a value of high-frequency gain for an unneu- 
(ralized transistor has any meaning. 

This addendum explains in more detail why the measurements were 
nade as they were. This was not done in the original paper because much 
of the necessary background material more properly belonged in a then- 
unpublished paper by J. G. Linvill (Ref. 2). Also given here is an ex- 
tension of the theoretical results presented earlier to two types of neu- 
tralization commonly used in common-emitter transistor amplifiers. 


TRANSISTOR STABILITY 


lor a particular transistor in a particular configuration, there are 
ranges of frequencies for which the transistor is unconditionally stable; 
ie,, if no external feedback is employed, oscillations cannot be obtained 
with any possible passive terminations (Ref. 3). In these frequency 








* Originally published in Proce, JRE, Vol, 44, Aug. 1956, 
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ranges the transistor per se has an unambiguous maximum available 
power gain. The value of this gain can be calculated in terms of the 
four-pole parameters as shown by Linvill, and it can be measured by em- 
ploying conjugate matching at both input and output with no risk of con- 
verting the transistor amplifier to an oscillator. On the other hand, in 
the other frequency ranges where the transistor is potentially unstable, 
oscillations may occur for particular terminations, and it is necessary 
to apply some sort of constraint in defining a “maximum” gain, since in 
reality the maximum gain is infinity. The constraint may take the form 
of neutralization (Ref. 4), of unilateralization (Ref. 5), or of requiring a 
given degree of “stability,” with a suitable analytical definition for the 
latter (Ref. 6). 

Since the type of constraint employed necessarily influences the value 
of “maximum” gain obtained, the writer preferred to avoid this situation 
if possible and to consider high-frequency power gain under conditions 
for which the transistor was unconditionally stable. 

Investigation of the conditions for unconditional stability (Ref. 3) for 
the usual ideal model of the junction transistor including ohmic base 
resistance 7”, and collector-base capacitance C,, leads to the following re- 
sults for high frequencies (Ref. 7). For the common-emitter configura- 
tion, unconditional stability is obtained for radian frequencies w greater 
than a critical frequency (Ref. 8) 


Verit = 0.4(r’./r’p) wa, (1) 


where 7”, is the Shockley et al. emitter resistance (kT/q-J,), and w, is the 


inherent radian alpha cutoff frequency of the transistor. This equation is 


valid for either the fused-junction or the grown-junction transistor, since 
werit is always less (by a factor of 2.5) than the frequency for which the 
distributed nature of the base resistance of a grown-junction transistor 
becomes significant, i.e., for o < 2.5went, the complex base impedance 2’p 
of a grown-junction transistor is resistive and is equal to 7’, (Ref. 9). 
On the other hand, for either the common-base or the common-collector 
configuration, unconditional stability is obtained only at frequencies 
greater than the inherent alpha cutoff frequency wa. 

The critical frequency of (1) is sufficiently low in general relative to 
o that the common-emitter configuration provides a fairly wide range 
of “high” frequencies over which power gain can be measured without 
having to employ neutralization for stability. Accordingly, for the 
writer’s measurements the common-emitter configuration was employed, 
and a measuring frequency of 5 me was chosen for convenience as being 
above the critical frequency in general for the transistors used. 

The reason for employing a purely resistive generator impedance rather 
than using conjugate matching in the input circuit was simply conven- 


ience. In general, such a measurement would not yield the maximum 


gain. However, as noted in the original paper, calculations show that for 
the junction-transistor model at high frequencies, greater than oo, the 
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maximum gain obtainable with a purely resistive generator is at most a 
db less than the trve maximum gain, which would be measured with con- 
jugate matching in the input circuit. 

Furthermore, an additional calculation for the theoreticad model, tak- 
ing account of low-frequency parameters, has shown that potential in- 
stability for this method of measuring power gain with a purely resistive 
generator impedance occurs only at frequencies less than wert of (1). In 
fact, the critical frequency in this case is the geometric mean of weit and 
the common-emitter current-amplification-factor cutoff frequency (1 — 
%))wq. For frequencies greater than this critical frequency, the value of 
gain measured is the available power gain quoted earlier, multiplied by a 
function of frequency that is equal to two at this critical frequency but 
them decreases rapidly to one with increasing frequency. 


NEUTRALIZATION OR UNILATERALIZATION 


Although it is not necessary to employ neutralization to maintain sta- 
bility of transistors in the common-emitter configuration for frequencies 
greater than wert, some sort of neutralization often 7s employed to mini- 
mize interaction between cascaded amplifier stages. Accordingly, it is of 
interest to present results of calculations of the maximum available power 
gain at high frequencies for the transistor model with the y type of neu- 
tralization or unilateralization commonly employed (Ref. 10), as shown 
in Fig. 1. In this circuit a feedback admittance y; is connected between 





"ig. 1 Transistor with feedback (neutralizing) admittance and phase-reversing 
transformer. 


output and input terminals of the transistor through an ideal, lossless, 
phase-reversing transformer of turns ratio n:1. For neutralization, the 


feedback admittance generally is a neutralizing capacitor Cy such that 
ys = jwoCn 
= —nn(y12), (2) 


whereas for unilateralization, by definition, 


ve = —NYi2, (3) 


where yy is the short-circuit feedback admittance of the transistor (nu- 
merically negative owing to the current-polarity convention used), 
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At frequencies o > wert, the maximum available power gain of the 
transistor per se (y; = 0) is given in terms of the equation presented 
earlier (for the constant—7’, model) as 


Gmax = Gay‘ Ke(c), WO > Werit, (4) 


G. = ~>( Wa ) (5) 
ave w ry'Ce 


and Kg(c) is Linvill’s gain factor (Ref. 2) as a function of his criticalness 
factor c, which for this case is simply c = (wert/w). Normally Kg is 
essentially equal to one, but as c approaches one, indicating impending 
instability, Kq rapidly approaches the value 2 


where 
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Fic. 2 Ratio of maximum available power gain to figure-of-merit power gain as 
a function of relative frequency for transistor amplifier; unneutralized, 
y neutralized, and y unilateralized. 


If the capacitative-type neutralization is employed (2), the correspond- 
ing expression for maximum gain is 
(w/werit)? +4 
(w/ Writ)” +2 
where c’ is the criticalness factor for the new amplifier and is a function 


Of (w/wornt), Note that this expression is independent of the turns ratio n 
(for the lossless transformer) , : 


Gmax = Gay “| Ko(c’) (6) 
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For the case of y unilateralization (3), the maximum available power 
gain zs a function of the turns ratio n. However, if n is made sufficiently 
large relative to (7’./7’,), the dependence can be essentially eliminated, 
in which case the maximum power gain is 


Gmax = Gay[1 + (Qwerit/w)?]. (7) 


The gain factor Kg for this case is equal to one, since the criticalness 
factor vanishes for the case of zero feedback. 

A comparison between the power gain for these three cases is presented 
in Fig. 2, which shows the ratio Ginax/Gay as a function of (w/went). Note 
that as frequency is decreased below wert, the maximum y unilateralized 
gain increases quite rapidly with respect to G,, (which already is increas- 
ing at the rate of 6 db/octave of decreasing frequency). Ultimately, 
however, the power gain is limited by low-frequency parameters which 
have not been included in these calculations. 

It should be emphasized that these results correspond to only two of 
many possible methods of neutralizing a transistor amplifier. 


CONCLUSION 


A few additional remarks concerning the critical frequency of (1) may 
be of some interest. In particular, note that the value of C, does not ap- 
pear explicitly. This may be surprising at first inasmuch as C, is the 
source of collector-base feedback, which gives rise to instability. How- 
ever, at high frequencies, where the phase of alpha is significant, collector- 
hase capacitance also contributes the dominant part of collector-emitter 
(output) conductance, which tends to stabilize the transistor. Hence, if 
(wo transistors at the same de emitter current have identical values of 
wy, and of the product r’,C., so that their high-frequency gains are identi- 
onl, the transistor with the lower C, will be stable down to a lower fre- 
(juency, not because it has lower capacitance, but because it has higher 
base resistance! 

Since a grown-junction type of transistor generally has a low collector 
capacitance and high ohmic base resistance relative to the fused-junction 
(ransistor, this may explain why the former type of transistor is more 
likely to be stable at the low end of the high-frequency range, e.g., at 
455 ke. 

In conclusion, it should be emphasized again that all of the above 
(lineussion concerns frequencies that are high relative to the common- 
emitter current-amplification-factor cutoff frequency (1 — a@)f.. How- 
ever, a given frequency, eg, 455 ke, which may be high for one transistor, 
innuy be low for another in which (1 — %)wq and w, are both very high. 
lor example, a transistor with f, of the order of 500 mc, and ay = 0.98"! 
may be unconditionally stable at 455 ke simply because this j is essentially 
(le for such a transistor (Ref, 12)! 


366 PRINCIPLES OF TRANSISTOR DESIGN 


REFERENCES 


1. R. L. Pritchard, pp. 340-361, this volume. 

2. J. G. Linvill, presented at IRE-AIEE-Univ. of Penn. Conference on Tran- 
sistor Circuits, Philadelphia, Pa., Feb. 17, 1955; also B.S.T.J., Vol. 35 (July 
1956) pp. 813-840. 

3. A stability criterion for determining whether or not a particular four-pole is 
unconditionally stable has been derived in terms of its four-pole parameters 
by Linvill (see Ref. 2), and independently by A. P. Stern, JRE Convention 
Record, 1956, Part 3, pp. 46-52. The criterion was quoted by A. P. Stern, 
C. A. Aldridge, and W. F. Chow, Proc. IRE, Vol. 43 (July 1955), p. 839, 
equation (5). 

4. Using the definition quoted by C. F. Cheng, Trans. IRE, Vol. CT-2 (June 
1955), p. 138, neutralization refers to “the process of balancing out an unde- 
sirable effect.” 

5. Using the definition of Cheng, reference 4, and Stern et al., reference 3, 
unilateralization refers to a method of rendering a bilateral network unilat- 
eral, Note that unilateralization is a special case of neutralization, but the 
converse is not necessarily true. Both of these authors also have pointed out 
the large number of different ways by which neutralization can be effected. 
See also G. Y. Chu, Proc. IRE, Vol. 43 (Aug. 1955), pp. 1001-1006. 

. For example see J. F. Gibbons, paper presented at IRE-AIEE-Univ. of 
Penn. Conference on Transistor Circuits, Philadelphia, Pa., Feb. 17, 1956. 
Also D. D. Holmes and T. O. Stanley, JRE Convention Record, 1956, Part 
3, pp. 67, and A. P. Stern, reference 3. 

. High frequencies are defined here as (radian) frequencies » much greater 
than the common-emitter current-amplification-factor cutoff frequency 
(1 — do),, where , is the (radian) inherent alpha cutoff frequency of the 
transistor; more exactly as w >> (1 — a9)2w,?. 

8. Pritchard, op. cit., Ref. 13. Also derived independently by Stern, op. cit. 
9. Pritchard, ibid., equation (9a). ' 

10. See, for example, D. D. Holmes, T. O. Stanley and L. A. Freedman, Proc. 
IRE, Vol. 43 (June 1954), pp. 663-664. Also, see L. J. Giacoletto, Transis- 

tors I, RCA Labs., Princeton, N. J., 1956, pp. 431-457. 

11. For example, the diffused-base transistor; C. A. Lee, Transistor Technology, 
Vol. III, D. Van Nostrand Company, Ine., Princeton, N. J., 1958, Chap. 8A. 

12. At low frequencies a junction transistor is unconditionally stable from de 
up to a second critical frequency, which generally is somewhat less than 

(1 — 9), and which is inversely proportional to C, and to collector-base 
resistance. In this frequency range, C, gives rise to potential instability in 
the same manner as does grid-plate capacitance in a conventional triode 
electron tube (Miller effect). 


=> 


NI 








Chapter 5: DesicN oF JUNCTION TRIODES 367 


5G. OPTIMUM DESIGN OF POWER OUTPUT 
TRANSISTORS * 


M. A. CLARK 


The design of power transistors for transmission and switching applica- 
tions by means of figures of merit 1s shown to facilitate the selection of 
optimum electrical and physical parameters. The design objectives are 
stated in the form of gain-power or gain-band-power figures of merit. 
These are expressed in terms of device electrical parameters such as cur- 
rent amplification factor, base resistance and maximum voltage. which 
are, in turn, expressed in terms of the device structural parameters such 
as resistivity and physical dimensions. The structural parameters are 
then chosen to maximize the circuit performance. The method is applied 
to a specific high-speed power transistor design problem. 


INTRODUCTION 


The objective of device design is to determine the structure of a device 
which will give “good” performance (Ref. 1). Two requirements are 
normally imposed on the design. The first is that the structure selected 
be one that can be produced, the state of the technology being what it is. 
‘The second requirement is that the characteristics of the device be com- 
patible with the requirements of one of more systems in which the de- 
vice is to be used. Pursuing the objective of good performance for its 
own sake might, in the case of transistors, lead one to design a transistor 
impossible to build with presently known techniques and useless in the 
one system which might, perchance, be paying the designer’s salary. On 
the other hand, if the designer does not have a criterion of good perform- 
ance, a figure of merit by which to judge his design, his devices will 
usually fall short of their potentialities. 

It is the purpose of this paper to suggest figures of merit for power 
output transistors and illustrate their use by application to alloy tran- 
sistors, both in a general sense and in a specific case. A figure of merit 
of the type to be discussed here is formed by combining in one number 
weveral recognized measures of performance; the combination being 
formed in such a way that the figure of merit is a property of the device, 
independent of circuit parameters insofar as possible. The measures of 
performance used here are power gain, bandwidth, and power output. 
‘The figures of merit will be products of these quantities. The products 
will be so formed that, within limits, the circuit designer may obtain any 
combination of gain, bandwidth, and power he chooses provided their 
product does not exceed that given by the figure of merit. 

The figures of merit so composed must be expressed as functions of the 
structural parameters so that the design problem may be solved by 


* Originally published in IRE Convention Record, Vol, 4, Part 8, 1056, 
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selecting a structure giving the highest possible performance. To obtain 
the required functional relationship between figure of merit and structure, 
an intermediate step is necessary. Performance measures such as gain 
and bandwidth may be computed as functions of the electrical properties 
of the device such as base resistance and collector capacitance. In 
turn, the electrical properties may be related to the structure of the de- 
vice which is described by quantities such as the dimensions and material 
properties. There are, therefore, three groups of quantities with which 
we deal. They are measures of performance, characteristics, and struc- 
ture. For the purposes of this paper, the characteristics are used only 
as an intermediary by which to relate performance to structure. How- 
ever, because of the great desirability of so devising the figures of merit 
that they depend only on the device properties, and so that their com- 
ponents may be exchanged by the circuit designer; the characteristics of 
the transistor must first be establisred. This will be done by means of 
an equivalent circuit which provides the starting point for the discussion 
to follow. 


FIGURES OF MERIT 


THE EQUIVALENT Circuit. The equivalent circuit of Fig. 1 is the 
simplest that can sensibly be used to describe a transistor. On the other 


i, 





B toc 
Tp Ce 
Be Xo 
a= t/t E RL>>(I-Qo)rp 
= LOW FREQUENCY 
Bae Ri<<[ oh, | 


Fic. 1 Approximate equivalent circuit of an alloyed junction power transistor. 


hand, it does contain the most essential features of a transistor and by 
virtue of its simplicity will make practical the following analysis, which 
analysis would be devious and impractical if much greater precision were 
demanded. The outstanding simplifications are the omission of the 
emitter impedance, the omission of the collector resistance, and the use 
of a simple approximation for the frequency dependence of the current 
generator. 

The emitter impedance is neglected on the grounds that a power output 
transistor will be operated at a sufficiently high current to make this im- 
pedance very small, To obtain power output it is necessary to use low 
values of load resistance; under these conditions the collector resistance 
may be neglected. The frequency dependence of alpha given in Fig, 1 
has been widely used and found to give sufficient accuracy in most cases, 
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A comment on the usage of the term alpha in this paper may be needed. 
The usage here is defined by the equivalent circuit, and alpha represents 
the current amplification factor of the current generator across the col- 
lector capacitance. Although not strictly conventional, this definition 
seems to have some expositional advantages. 

Finally, a simplification worthy of notice is the use of a simple base 
resistance. A more accurate equivalent circuit would require a base re- 
sistance having several components because the various components of 
base current flow through different regions of the base layer. Further- 
more, the distribution of these currents depends on the emitter current 
and frequency. These complex inter-relationships are disregarded here 
but the errors introduced are not serious for the present purpose. 


Tue Circuir CuHaracteristics. Two terminal characteristics of the 
equivalent circuit are needed. These are the input resistance and the 
current gain. Knowing these, the power gain and cutoff frequency may 
be determined, keeping in mind the assumptions which have already been 
described. Attention will be given only to the common emitter circuit 
configuration. This configuration is, perhaps, of most general interest. 
The results which follow may be shown to apply, in essence, to the com- 
mon base configuration. The common collector arrangement would re- 
quire special attention but is not normally used in power output circuits. 

Because of the simplified equivalent circuit assumed, the input imped- 
ance is a pure resistance consisting simply of the base resistance. 

The current gain is frequency dependent with a form given by: 


1 





Gr = Gio —-——~ (1) 
1+ j(f/fe) 
The low-frequency current gain is simply: 
ao 
Gro = (2) 
1 — ao 
and the cutoff frequency is given by: 
1 
fol =i) (3) 


1+ 2rf.RLC. 
in which R,; is the load resistance. 


With these characteristics of the transistor in hand, the performance 
measures may readily be computed. 


PHRFORMANCE Measures. Since power output transistors are the sub- 
ject at hand, the power output is an essential measure of performance. 
A second performance requirement in practically all applications is power 
gain, and a third requirement for many applications is frequency response 
or bandwidth, For switching circuits the bandwidth is usually measured 
in terms of rise and fall times but these times are closely related to the 
bandwidth, ‘This paper applies equally to transmission and switching 
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transistors but some real differences in design may arise and one distinct 
difference will be mentioned later. 

The power output may be limited by the allowable power dissipation 
and attainable efficiency, by the maximum allowable voltage, or by the 
maximum allowable current. The allowable power dissipation is a limi- 
tation on the power output but not an electrical property. of the tran- 
sistor; for this reason it is not practical to incorporate allowable power 
dissipation into the figures of merit. The implications of power dissipa- 
tion will be mentioned later in connection with a specific design problem. 

The maximum allowable current for transistors designed for power out- 
put applications is usually higher than the circuit designer can profitably 
use. In addition, the transistor performance is degraded in some respects 
at high currents. Finally, the power gain will be proportional to the load 
resistance in most practical circuits in which individual output matching 
is not feasible, or will not permit sufficient power output. The load re- 
sistance will be limited by the maximum allowable voltage and by the 
power output requirement according to the relation: 

Ver 

8R, 
which applies to Class A and Class B operation. A numerical somewhat 
different from 8 will appear in the denominator for Class C or switching 
operation but the difference is not great and need not be considered for 
purposes of relative evaluation of transistor designs. 

The maximum voltage, V,,, is the maximum allowable peak-to-peak 
voltage which may be applied to the transistor. This will be essentially 
the maximum collector voltage except for those transistors requiring an 
appreciable minimum voltage, such as the p-n-i-p and some grown- 
junction types. If the application limits the voltage due to some external 
factor such as available voltage, this maximum available voltage may be 
used for V,, in the expressions that follow, but of course the results do not 
characterize the transistor itself. 

The power gain to be used here will be simply the ratio of power output 


(4) 


to power input; this type of power gain has the important advantage — 


that it is independent of the generator impedance. Remember that the 
object is to obtain figures of merit that are independent of circuit param- 
eters. The power gain is readily obtained from the current gain, input 
resistance, and load resistance; and at low frequencies is: 


Go -( = = (5) 


1 — ag To 





The cutoff frequency of the power gain is the same as that for the current 
gain as given by equation (3); the form of the frequency dependence is dif- 
ferent however, being given by: 


G = Gy —————. 
1+ fy? (6) 
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Because the cutoff frequency, f., is normally much lower than the operating 
frequency in any high-frequency application of a transistor, negative feed- 
back, tuning, or common base operation must be used. Under such cir- 
cumstances equation (6) simplifies to: 


Gf? = Gof f>She (7) 


By use of equations (3) and (5) the following gain, band-squared product 
is derived: 
> Rt 1 


1 (1+ 2afaRiC.)? 
THe Figures or Merit. Equations (5) and (8) will now yield the 
desired low-frequency and high-frequency figures of merit upon intro- 


ducing the maximum load resistance as fixed by the required power out- 
put and maximum voltage, equation (4). The figures of merit are: 


Gf a= ao" fa (8) 





217 2 
ao Vin 
1- ao 8ry, 
and: 
V, 2 
Gf?P = Fy = ao*f,2 —— A? (10) 
8r, 
where 
1 


= ———___ (11) 
1+ 27fRLC, 
In the majority of high-frequency, power output applications it appears 
likely that the factor A will be nearly unity and the high-frequency figure 
of merit will not depend on the load resistance. In some cases it will be 
possible to match the load to the output of the transistor. If this is done, 
equation (8) reduces to: 
: ee ag*f? 


8r7r,C, c 


Which is the figure of merit proposed by R. L. Pritchard (Ref. 2) and 
Which, for a gain of unity, yields a theoretical, maximum frequency of 
oscillation. 

The two proposed figures of merit for power output transistors, Fy and 
/’\, have the very desirable feature that their components, G, P, and f?, 
nay be interchanged in the circuit design by appropriate choice of load 
resistance and feedback; provided only that their product, as given in the 
figure of merit, cannot exceed the figure of merit of the transistor. 





(12) 


CHARACTERISTICS AS FUNCTIONS OF STRUCTURE 


Base Resistance, A precise calculation of base resistance may become 
very complicated, As has already been observed, the equivalent circuit 
which employs one resistance to represent the base resistance is inaccu- 
rate, However, the simplest analysis is all that is practical here, and this 
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gives a base resistance which is determined by the geometrical arrange- 
ment and dimensions of the transistor electrodes and by the base layer 
resistivity and thickness. For the purpose of further discussion the fol- 
lowing proportionality will be used: 
ro (13) 
Wo 
AupHa CutTorr Frequency. The f, of a transistor having a uniform 
base layer is, theoretically, inversely related to the base layer thickness. 
It is true, however, that f, also depends on the operating voltage and 
current, increasing with increasing collector voltage, usually exhibiting a 
maximum at a moderate collector current, and decreasing at higher col- 
lector currents. Nevertheless, the dependence of fg on the base layer 
thickness is one of the more precise transistor design relationships. The 
following expression will be used: 


1 
ao — 14 
fae (14) 


AupHA. The current transformation represented by the coefficient, 
alpha, is a function of many structural parameters. The conductivities 





1 
Wp? 


fq 
Fig. 2 Scatter diagram of a vs fz, aS experienced for an alloy transistor. 


and minority-carrier lifetimes of the base and emitter regions, and the 
geometry and surface conditions all play important roles in determining 
alpha, Assuming that the geometrical configuration of the electrodes 
has otherwise been optimized, the principal variable of interest here is 


the base layer thickness, w,, The base layer thickness is especially sig-- 


nificant because it affects strongly all of the transistor characteristics to 
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such a marked degree that it is the single, most important, structural 
parameter. An empirical relation between alpha and the base layer 
thickness of an alloy transistor may be gleaned from the scatter diagram 
of %/(1 — a) versus the frequency cutoff of alpha observed for a par- 
ticular transistor design. Such a diagram is shown in Fig. 2. To the 
extent that the diagram shows a correlation, and there certainly is theo- 
retical basis for expecting correlation, the following seems justified as 
the best available relation between alpha and the base layer thickness 
for this type of transistor: 
ao 1 (15) 
ease 
1- ao we? 





Maximum ALLOWABLE VoLTaGE. The maximum allowable voltage on 
the collector of a transistor is not ordinarily determined by irreversible, 
destructive effects but by circuit performance failures such as clipping 
of waveforms and other forms of distortion. What occurs, in general, is 
that at a high collector voltage the collector current increases with volt- 
‘ge, independent of the input current to the transistor. This may occur 
for three reasons: collector junction “breakdown,” excessively high alpha, 
und electrical “reach-through.” None of these effects are inherently 
destructive. 


Collector Junction Breakdown. Excessive current may flow at the 
collector junction at high voltages, either as a result of surface phenomena 
or due to multiplication of current carriers in the junction. The surface 
breakdown voltage is not calculable, is related to known structural pa- 
rameters only in an uncertain fashion, and is determined primarily by 
techniques and tricks of surface treatment and protection. A practical 
limit somewhere between 30 and 100 v seems to apply to germanium 
transistors at the present time. 

The limitation due to multiplication of carriers is now well understood 
(Ref. 3). The multiplication may be interpreted as an increase in alpha. 
lig. 3 illustrates how the alpha varies with collector voltage. The theo- 
retical breakdown voltage is the voltage at which the alpha becomes 
infinite and is roughly proportional to the base layer resistivity of an 
alloy. type transistor. 


(ireater-Than-Unity Alpha. The theoretical breakdown voltage is high 
and not often important in itself; however, the corresponding increase 
in the alpha results in the alpha becoming greater than unity at a rela- 
lively low voltage, again see Fig. 3. This accident has serious circuit 
implications. In Fig. 4 the measured low-frequency current transfer 
of a high-performance power transistor is plotted as a dotted line among 
i set of dimensionless, theoretical curves. For the measured ‘curve, the 
maximum currents are 200 ma collector current and 3.3 ma base current. 
It is apparent that such a characteristic could produce very severe dis- 
tortion in a transmission type of amplifier, What is not apparent but 
very important is that this behavior, which results from the greater-than- 
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unity alpha, does not seriously interfere with the use of such a transistor 
in an on-off application such as switching and certain types of pulse 
amplifiers. This means, in effect, that switching transistors may have 
higher figures of merit than transmission transistors because they may 
be used at higher voltages. 

The voltage at which alpha becomes unity has been shown by S. L. 
Miller (Ref. 3) to be given by: 


Ve = (1 — a)/"Vep (16) 


where n is 3 or 6 for germanium p-n-p or n-p-n alloy transistors respec- 
lively, and a is the value of alpha at a low voltage. 


Electrical Reach-Through. Often called “punch-through” but in no 
sense destructive, reach-through occurs when the space-charge region 
of the collector extends through the base layer to the emitter. When 
the collector voltage is high enough for this to occur, very high currents 
may flow from emitter to collector, independent of base control. A very 
convenient formula for the voltage at which this occurs is, for p-n-p 


ae alloy germanium transistors: 
| | Vg=100 1800 
90 10 V, 
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(17) 


COLLECTOR VOLTAGE Pofa 
Where the units are volts, ohm-centimeters, and megacycles per second. 


Optimum Design for Voltage. A high base layer resistivity is needed 
to obtain a high breakdown and unity-alpha voltage; on the other hand, 
1000 


Fic. 3 Example of the theoretical variation of @ with collector voltage. 
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will therefore be an optimum base layer resistivity, The various limits 


are plotted as functions of resistivity in Fig. 5. In this figure it will be 
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noted that a reach-through voltage limit is indicated below the theoretical 
limit; this represents a concession to the state of the art which, in some 
cases, does not permit uniform attainment of the theoretical limit. From 
the relations given in the paragraphs above, it may be shown that the 
optimum resistivity is approximately proportional to the base layer 
thickness. The maximum voltage corresponding to this optimum resis- 
tivity is also approximately proportional to the base layer thickness. A 
practical limit due to surface breakdown may be important if the base 
layer is relatively thick. 


FIGURES OF MERIT IN TERMS OF STRUCTURE 


The figures of merit were expressed in terms of the electrical char- 
acteristics of the transistor in an early section. In later paragraphs the 
electrical characteristics were expressed in terms of the structure, in par- 
ticular, the base layer resistivity and thickness. It is now possible to 
formulate relations directly between the figures of merit and the strue- 
tural parameters. 

By a happy accident arising from the interpretation of Fig. 2, relating 
alpha and the cutoff frequency of alpha, the low-frequency and high- 
frequency figures of merit have the same dependence on structure. The 
numerical values are, of course, different. Using the optimum base layer 
resistivity and the other relations described above, the following pro- 
portionality is derived: 


1 
Fo x Fi «—~« fy 18) 
0 1 We J ( 


The last proportionality appended to the above relationship is invited 
by the form of the structural term. It is interesting to notice that 
thin base layer, and therefore high cutoff frequency, is desirable even fo 
good low-frequency performance. The trend to thinner base layers has 
been emphasized in the case of high-frequency transistors such as high- 
frequency tetrodes, surface-barrier transistors, and diffused-base tran 
sistors. The advantage of thin base layers in attaining high gain at low 
frequencies has not been extensively exploited. 


A DESIGN EXAMPLE 


A high-performance, alloy-junction power-output transistor has bee 
designed and is in production for developmental uses. Power dissipatio 
is assisted by mounting the transistor on a large copper piece which ma 
be attached to an external heat sink, somewhat as shown in Fig. 6. Thi 
transistor was designed to dissipate as much as one-half watt with 
total temperature rise, from ambient air to collector junction, of twent 
degrees centigrade. The internal temperature rise, from mounting sur 
face to collector junction, was to be held to twelve degrees centigrade, fe 
& dissipation of one-half watt, The emitter was to be attached to th 
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heat transfer mount so that there will be little or no high-frequency po- 
tential on the metal can when the transistor is used in a common-emitter 
or common-base circuit. Examination of the heat transfer problem 
showed that an emitter diameter of 0.030 in. would be required to satisfy 
the power dissipation requirements. This leaves the base layer thickness 
and resistivity to be determined by the method outlined in this paper. 

The performance requirements were such that the high-frequency fig- 
ure of merit, F; of equation (10), would need to be at least 14. Such a 






EMITTER BUTTON 
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BASE 


"ia, 6 Sketch of the mounting of a developmental high-performance alloy 
transistor. 


figure of merit would make possible a power output of one-half watt at 
1,5 me with a gain of 10 db. As a switch this implies the ability to con- 
trol up to 40 v and 200 ma with rise and fall times of about 0.5 psec and 
4 current gain of ten. The latter corresponds to the driving requirements 
for certain magnetic-core memory systems. 

The design was carried out in accordance with the general plan out- 
lined in this paper. The transistor, given the laboratory number 2012, is 
an alloy-junction, germanium p-n-p type with a minimum alpha cutoff 
frequency of 4 mc, a maximum collector capacitance of 40 puf, a maxi- 
mum collector voltage of 40 v, a base resistance of about 100 ohms, and a 
small-signal alpha greater than 0.99. The de current gain is greater than 
20 at a collector current of 400 ma and collector currents as high as one 
ampere may be practical in pulse circuits such as a blocking oscillator. 


CONCLUSION 


A plan for the systematic design of power-output transistors has been 
developed, The general method is not new but is believed not to have 
been exploited as fully as would be profitable, Two new figures of merit 
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are proposed for low-frequency and high-frequency power-output tran- 
sistors. Using the high-frequency figure of merit and the design method 
outlined in this paper, a high performance, high-frequency, power-output 
transistor has been developed. As was shown to be a consequence of the 
design relations, the transistor so designed also has outstanding perform- 
ance at low frequencies. The figure of merit design procedure assists 
the designer to develop the best transistor that the state of the fabrica- 
tion art permits. 
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5H. THE EFFECT OF JUNCTION SHAPE AND SURFACE 
RECOMBINATION ON TRANSISTOR CURRENT GAIN * 


A. R. MOORE AND J. I. PANKOVE 


An experimental and theoretical study is presented which shows that the 
current gain of an alloy transistor ts greatly affected by the geometry of 
emitter and collector junctions and by surface treatment of the base 
germanium, but is hardly affected at all by bulk recombination (lifetime) 
in the base. The current gain is computed for specific three-dimensional 
geometries by an electric analog method which assumes that surface re- 
combination is the major factor in minority-carrier loss. By this method, 
anew way of measuring surface-recombination velocity, s, from simple 
measurements on transistors has been devised. The value of s is obtained 
directly from a suitable calibration curve, and thus may be useful as a 
quality control on surface condition. 

The transit-time path-length dispersion of minority carriers in a tran- 
sistor structure with nonparallel junctions has been computed. The re- 
sults show that the effect is significant only above 1 mc/sec in a typical 
structure. 


GENERAL DISCUSSION 


The theories of junction-transistor operation given ‘in the literature 
(Ref. 1, 2) are limited in certain applications because of two important 
approximations: (a) one-dimensional geometry is assumed, (b) surface 
recombination is neglected or at best incorporated into a composite 


* Originally published in Proc. JRE, Vol. 42, June 1954. 

The authors desire to acknowledge the help received during the early stages of 
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base lifetime. While it is true that for many transistors these approxima- 
tions are not restrictive, some practical transistor designs violate them. 
In particular, alloy-type junction transistors (Ref. 3) may make ques- 
tionable the interpretation of results based on infinite parallel plane 
geometry. 

Since sectioned p-n-p alloy transistors of the RCA 2N34 type generally 
reveal convex-junction shapes, a solution of the diffusion equations in 
three dimensions has been worked out which takes into account the 
geometrical effects. This solution is based on an analogy with current 
flow in a conducting sheet, under the assumption that surface recombina- 
tion is the dominant factor in minority-carrier loss. The results are ob- 
tained by plotting the hole-flow vector field on a scale model. 


METHOD OF SOLUTION 


The collector-to-emitter input current gain, de, is given by: 
Ace = a*By (1) 


where a* is the intrinsic current gain of the collector junction, 8 is a sur- 
vival factor which gives the ratio of minority carriers arriving at the collec- 
tor to that released at the emitter and y is the efficiency of emitter as an 
injector of minority carriers. For transistors not containing collector 
“hooks,” a* is 1. For alloy transistors 7 is very close to unity since 
omitter >> Thase (Ref. 1, 2,3). In this paper the concern shall be solely with 
the calculation of 8. By assumption a* = y = 1, Qe = B. 

The minority-carrier current in the base obeys a flow equation and an 
equation of continuity: 

= = 


Ip = QPupE — gD, Vp (2) 
Lo op p— Pp 
-V-L = -— — ——_ .. 3 
qd . ot T (3) 


Here p is the density, y», is the mobility, D, is the diffusion coefficient, q 
is the charge, and + is the lifetime of holes in the n-type material, pz is the 
equilibrium concentration of holes, and E is the electric field. 

These equations are subject to boundary conditions which define the 
hole density in the base at the emitter and collector. It is generally as- 
sumed that the electric field is negligible, i.e., diffusion currents dominate. 
It is also assumed that the hole density in the base is small compared to 
the electron density, so that all parameters such as conductivity, mobility, 
and lifetime are independent of injected carriers. In terms of the tran- 
sistor, this means that the analysis applies only for small emitter cur- 
rents, Equations (2) and (8) can be combined to give: 


d = 
es ha paint ce ah Dy Vp. (4) 
dt r 
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The steady-state equation is then 


DV*P — ze = 0 (5) 
T 
in which P has been written for p — pz, the excess hole density above 
thermal equilibrium. 
For the one-dimensional case this can be readily solved (Ref. 1, 2) and 
yields an equation for P(x) which can then be inserted into (2) to ob- 








tain I at emitter and collector. Then 
ol, 
- ol elVec 
can be evaluated with the result 
WwW 2 
a=sechW/L,~1—% (-) . (6) 
Dp 


W is the width of the base layer and L, is the diffusion length for holes 
(Lp = V Dot }. 

The three-dimensional problem is far more difficult. A solution is pos- 
sible only for restricted choices of the boundary conditions. However, 
experience has shown that transistor characteristics are not very sensitive 
to variation in 7 provided 7 is greater than a few microseconds, a condition 
easily achieved in practice. This will be discussed in detail later, but for 
the present simply assume that 7 is sufficiently large in the base (W/Lp 
<1) so that (5) becomes 

V?P = 0. (7) 


This is a Laplace equation solvable in two dimensions by the well-known 
engineering method of analogy to current flow in an electrolytic tank or 
conducting sheet. With the proper symmetry conditions, also discu 
later, the solution can be extended to three dimensions. 

The equation which will be solved in the analogy is V’¢ = 0, so that 
electric potential ¢ is equivalent to excess hole density P. Eq. (7) must 
be solved subject to boundary conditions at emitter and collector which 
fix the hole density for constant emitter and collector voltage. This means 
in the analogy that ¢ is fixed at ¢; and ¢2 on these boundaries, or in other 
words, emitter and collector become equipotential surfaces. An additional 
boundary condition, not required in the one-dimensional case, must be 
satisfied on all free surfaces of the germanium, namely, that holes diffusing 
to the free surfaces disappear there by recombination, and thus constitute 
a hole current into the surface (Ref. 4). More precisely, the normal com- 
ponent of current density J into the surface is 


— — 
I = gPs (8 


where s is the surface-recombination velocity. 8 is the average velocit, 
into the surface of holes present at the boundary, From (2), neglectin 
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currents due to electric fields, 


I = —qD,VP (9) 
so that 
gPs = —qD, VP (10) 
r 
i VP s ‘4 
na (11) 


Therefore, provided s is constant over the surface, the boundary condition 
can also be stated as: the ratio of gradient P to P must be constant at 
all free surfaces. 

In the conducting sheet analogy, let the edges (which correspond in two 
dimensions to surfaces in three dimensions) be bounded by a perfectly 
conducting boundary broken up into many segments of length a with 
each segment connected to ground through a resistance R as in Fig. 1. 


Y 
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Te 


Fie. 1 Boundary of a conducting region. 


If the current density at the boundary is 7 then each segment collects 
current 7a from the sheet, producing a voltage drop ¢ across R. 


Then 

, g 

a=-—: 1 

i _ (12) 
Within the sheet 

sails 

i= — (13) 

p 


where p is the specific surface resistance of the sheet (ohms/square), 
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Equating (12) and (13), 


E 

Boas dias 

p aR 

Since 

E = -vV¢ 
Vo p 
—= ——. 15 
; op (15) 


Comparison of (11) and (15) shows that the analogy is complete if 


p s 
Stegenene 16 
ak OD, (16) 
For maximum accuracy of the solution near the boundaries the segment 
length a should be as small as possible. However, it is not necessary to 
assume that either s or a be constant over the whole free boundary; 
rather it is required that s does not change appreciably in a distance a 
so that (16) is obeyed. This will be utilized later to improve the accuracy 
with practical choice of a. 
For convenience, the analogs are tabulated in Table 1. 





TABLE 1 
Quantity | Representa- Quantity Representa- 
in the tion in in the tion in 
Map Map Transistor Transistor 
Current a Current I 
Potential d Excess Hole Density P 
grad o grad P 
= ee p/aR os are s/D, 





The boundary conditions require that the emitter and collector be 
surfaces of constant excess hole density. No great error is introduced 
if it is assumed that ¢ = 0 at the collector. This means that the collector 
is assumed to be perfect, collecting every hole which drifts into it from 
the semiconductor base. ¢ at the emitter is held fixed by a battery. With 
the proper boundary conditions established, the preparation of a recti- 
linear square map of equipotentials and field lines gives the required in« 
formation about hole flow. While the discussion has been given for hol 
flow in n-type material it should be understood that the plotting method 
is equally applicable to electron flow in p-type material (n-p-n tran« 
sistor), if the proper value of Dy is used, 
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CONVERSION TO THREE DIMENSIONS 


The current-carrying-sheet analogy solves V2¢ = 0 in two dimensions. 
The problem to be solved is a three-dimensional one: 
aP 10P 18P @P ‘ 1 
or? or Or _~— rr? 06?_—s az? ‘ ee) 
With cylindrical symmetry, the third term in (17) is eliminated. In elec- 
trolytic tanks, this case can be solved by tipping the tank and using wedge- 
shaped electrodes as is done for axially symmetric, electron-lens problems 
(Ref. 5). In the present case, this is not convenient, nor, it turns out, is it 
necessary. The radii of emitter and collector electrodes are large compared 
to the spacing between them (along the z axis). In the map of P, dP/dr 
is small near the origin where r is small. @P/dr becomes appreciable only 
for r already large compared to W. Hence 1/r dP/dr is always small. The 
first and second derivatives of P were evaluated numerically for two geo- 
metrical cases. In a favorable case, 1/r 8P/dr was less than 0.1 per cent 
of 0?P/dr?, while in a very unfavorable case 1/r dP/dr never exceeded 
4 per cent of d?P/dr?. Hence, it is justifiable to ignore the first derivative 
lerm. In the evaluation of total emitter and collector current the con- 
version from x in (18) to r in (19) is accomplished by numerically inte- 
grating over the electrode surfaces with a weight factor for r. This amounts 
(o taking the area of an annular ring as 2zar dr. 


JUSTIFICATION FOR NEGLECTING VALUE RECOMBINATION 


lor the one-dimensional case, 8 is given by (6). With W fixed at 1 mil, 
() is already 0.99 when 7 = 10 usec. Germanium with bulk lifetime of 100 
to 1000 usec is generally used as transistor-base material yielding 8 = 
0,999 to 0.9999. As previously explained, y is always very close to 1 be- 
(MUSE 7 >> oy. Yet ae values of 0.95-0.98 are often found for alloy tran- 
wistors. In a recent test of a large number of transistors made from crystals 
with measured bulk 7 from 1 psec to 1000 usec, no correlation of a with 
hulk lifetime could be found. The possibility still exists that the alloying 
process reduces the bulk lifetime of the germanium within the base layer of 
the transistor. Then regardless of the quality of the starting material, the 
bulk lifetime may be short enough to effect 8. Presumably this could be 
(lue to heat eycling during the alloying. Yet a piece of germanium sub- 
jected to a similar heat-cycling treatment shows no adverse bulk lifetime 
effect. On the other hand, a is extremely sensitive to etching procedures 
aller alloying. It seems reasonable to assume that at low currents the 
main loss of holes is through surface recombination. 

By means of calculations and measurements of a,» as a function of 
emitter current, Webster (Ref. 6) has obtained evidence which supports 
this conclusion, 
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The map of Fig. 3(a) results. It should be noted that although equi- 
potential lines are normal to flow lines, the equipotentials do not inter- 
sect the free surfaces of the germanium at right angles when s > 0. It is 
just this departure from normal incidence which accounts for the flow 


PROCEDURE 


In order to illustrate the application of the principles described above, 


the procedure for plotting the hole flow and estimating B for a TA-153 
(RCA developmental-type number) type structure will be given. This 
is applicable to other structures and has been utilized with appropriate 
changes in geometry and constants. 

For this example, junction geometry of the form shown in Fig. 2 is 
utilized. This is based on observation of sectioned TA-153 transistors. 


























Fic. 2 Dimensions of a typical TA-153 developmental p-n-p junction transis 


A convenient medium for field plotting is ‘““Teledeltos” recording pa 
(Ref. 7). This paper has a specific resistance of 2000 ohms/squat 
Equipotential electrodes can be applied simply by painting with ai 
drying silver paste. Lead connections are made by fastening solderin 
lug connectors directly to the paper with eyelets and an eyelet punch, a 
then painting silver paste over the connector and paper. A scale of 
in. = 0.001 in. has been found convenient. . 
Suppose one chooses to find the hole-flow map with s = 5000 em/ 
From (16), aR = D,p/s = 40 x 2 « 108/5 x 108 = 16. For maximu 
accuracy the boundary segments a should be as small as possible at as 
most nearly approach a continuous distribution. A value of % to 4 
(144-% in. on the model) leads to negligible error. Since this segm 
size would require hundreds of segments to cover the boundary, use 
made of the fact that for s constant only the product aR need be fix 
over the boundary. Hence, a is chosen to be smallest on that region of t 
boundary along which the potential is changing most rapidly, or in ot 
words, where the tangential component of VP is largest. Then the sub 
le value of FR is chosen. 
then the equipotential map has been obtained, the field lines or ho 
flow lines are drawn in using the method of rectilinear squares (Ref, 


of holes into the surface. 
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"ia, 3. (a) A hole-flow map for the TA-153 geometry of Fig. 2. Computed value 


of ap is 8. (b) Hole-flow map with emitter and collector reversed, Com- 
puted value of a,» is 0.6. 


To calculate 8, the current density must be integrated across the 
emitter surface to give 


that part of the total current which leaves | 
8 the emitter and arrives at collector J 


total current leaving emitter. 


This is easily done by drawing a scale along the emitter radius as in Fig. 
4, and multiplying the number of tubes of flow leaving the emitter per 
small increment in r, by r, and summing over r. In the example chosen 
/i = 79/89 = 0.89. Arbitrary units are used here since the final quantity 
/! is dimensionless. 

Most of the holes are lost near the intersection of the emitter junction 
and the free germanium surface. Both P and VP are high in this region. 


lig. 3(b) shows the map obtained with emitter and collector reversed. 
Then B = 0.88. 


KESULTS 


Kerker or Emrrrer-to-Cotuector Area Ratio, It was recognized 
ourly in the alloy-transistor development that the use of larger collector 
than emitter diameters resulted in consistently higher values of «. Fig. 
4 shows the results of experiments made on early transistors to test this 
observation, Because of the unavoidable variance in this type of data 
laken on different units, each of the experimental points represents the 
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average of a group of transistors with the same nominal emitter/collector 
area ratio. Surfaces were etched or otherwise treated in the same man- 
ner after junction had been formed. a», the collector-to-base current 
gain, goes through a maximum as collector/emitter area ratio gets larger. 
This curve shows improved collection efficiency obtained by enlarging 
collector diameter. 
In order to gain a more quantitative insight into this design parameter, 
a series of hole-flow maps was made using emitter and collector diameters 
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Fic. 4 Dependence of a,» on the ratio of collector-to-emitter area. 


within the range covered by the above experiment. After some prelimi- 
nary trials, a value of s = 5000 cm/sec was chosen as that required 
to get the best fit to the data. The calculated curve of a,» vs area ratio 
is also in Fig. 4. 

The maximum in the calculated curve comes about in the following 
way: Consider the collector diameter fixed. With a small emitter, collee- 
tion is very efficient. There is little loss to the surface near the collector, 
while most of the holes are lost near the edges of the emitter. As the 
emitter is made somewhat larger the loss of holes to the surface near the 
emitter increases roughly as the perimeter, but the total hole injection 
increases as the area. The loss near the collector is still negligible. The 
net result is that a, rises slowly. As emitter diameter approaches and 
exceeds collector diameter, hole loss to the surfaces near the edges of the 
collector increases very rapidly, dominating all other hole losses. The 
%e» decreases rapidly. 

It is not known whether etching variables contributed to the disagree 
ment between theory and experiment, Variations in the shape of the 
alloy junctions from the assumed spherical form may also play a part, 


Chapter 5: DEsicn oF JUNCTION TRIODES 387 


This aspect will be discussed later. Yet the general nature of the curves 
is reproduced well by the plotting method. The maximum in a is broad 
enough, so that for practical purposes a choice of area ratio from 2 to 
{} is satisfactory. A high ratio allows a greater emitter-collector misalign- 
nent tolerance. 


VARIATION OF %e WITH $ FOR PLANE ALLOY JUNCTIONS. The effect of s 
ON dee is shown in Fig. 5 in which gs is taken as a parameter for a, vs 
junction diameter, d. In this case, equal diameter, plane-parallel junc- 
lions were used at a fixed spacing of 1 mil but edge effects were included. 


° 





6 GEOMETRY: 
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AND COLLECTOR 
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DIAMETER 


EMITTER-TO - COLLECTOR CURRENT GAIN (ce) 
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DIAMETER OF EMITTER AND COLLECTOR -MILS 


Via, 5 Dependence of ae on junction diameter for plane emitter and collector, 
including the edge effects. 


(Under the assumptions made in the solution, neglect of edge effects results 
IN %» = 1 for alld and s. Similarly, if s = 0, ae = 1 for all d even with 
vilge effects. The latter condition is shown as a dotted line in the figure. 
Aw d gets larger, all curves approach a. = 1 asymptotically since the 
vilge effects become of little importance. 

The same information, plotted in terms of a,» instead of Bee (en 
Hoo/1 = Ge) is shown in Fig. 6. The interesting fact is that «,, is di- 
rectly proportional to d for this geometry. This can be understood by the 
\ine Of an argument similar to that used to explain the maximum in Fig. 4. 
‘The collector collects holes in proportion to its area. The emitter region 
ust be divided into two parts. The central section emits proportionally 
‘o area, The perimeter region, because of the high gradient of P con- 
wontrated there, emits proportionally to perimeter length md. 


Lot 
collector current Ky? 


emitter current Kd? +- Kad 
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a 
GEOMETRY: — yi MIL. 
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Fic. 6 Dependence of a5 on junction diameter for the same geometry as ui 
in Fig. 5. Note the linear dependence of 4 on junction diameter for thi 


geometry. 
It is known that lim a,, must be 1, hence K,; = Kg. Then 
d—« 


Ace Ky 


l—a, Kg 





ach = 


CoMPARISON OF PLANE AND SPHERICAL JuNcTIoNS. A direct compari 
son was made of plane-parallel alloy junctions with edge effects and 
spherical alloy junctions with the same diameter of emitter and collector, 
The value of s and the minimum spacing were the same for both cases 
Gee was 0.92 for the spherical case and 0.97 for the plane case, and a» 
was 11 and 82, respectively. The advantage of the plane junction is clear 
As a further comparison, a grown-junction geometry was computed, agai 
for the same s and W, A value of a» = 0.97 and a» = 32 was obtained, 
Hence, grown-parallel junctions and alloy-parallel junctions are com 
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parable. Of course, this assumes perfect emitter efficiency. This is less 
likely for the grown junction. Comparison of curved and plane junctions 
on a frequency basis will be made in a subsequent section. 


Tue ABSOLUTE VALUE OF s. The curve of Fig. 4 was calculated in order 
to show that the general form of @ vs area ratio can be predicted by the 
plotting method neglecting volume recombination. The choice of s = 
5000 em/sec may be open to question, however. Surface-recombination 
velocity has been measured on germanium bars by independent methods 
in various laboratories (Ref. 8). Table 2 summarizes the results. 


TABLE 2 





Treatment 8 


Sandblast 
Chem. Etched 


104 to 10° cm/sec 
2X 10% to 4 x 107. 

ing on specific etch 
Electrolytic Etch | 2 x 10? 


Depend- 


None of these measurements was made in transistor structures. All 
measurements on etched germanium are very sensitive to etching condi- 
tions, freshness of solution, and so forth. If it is assumed that the etching 
processes carried out in the presence of indium during fabrication of the 
transistor are the same as those on germanium bars, the assumed value of 
9 = 5000 cm/sec appears somewhat high. Because of the variations in 
yurface treatment, alloying rate, and electrode centering likely during small 
scale fabrication of the special units used for the area-ratio tests, an esti- 
mate of s was attempted using only units processed according to a set 
practice (Ref. 3). Even under these conditions, experience indicates that 
there are variations in junction shape and minimum spacing which could 
influence an absolute determination. However, hole-flow maps show that 
the ratio of ae in the normal connection, ay, (0.015 in. emitter, 0.045 in. 
collector) to ae in the inverted connection, «7, (0.045 in. emitter, 0.015 in. 
collector) is less sensitive to junction shape than either ay or a; separately. 
‘The average base-layer thickness, W, can be estimated from emitter-input 
capacitance, since this capacitance arises chiefly from diffusion of holes 
through the base layer. Hence, a sample of 38 TA-153 transistors were 
nolected with ay,, > 0.95 and average spacing, W, of 2.2+0.2 mil. The 
value of ay/a; was 1.41 + 0.1. Fig. 7 shows a calibration curve obtained 
by hole mapping in which ay/a; is plotted against s for 2.2 mil average spac- 
ing (1 mil minimum assuming spherical geometry). From the curve, it is 
estimated that s = 460 cm/sec. This value is in the range shown in 
Table 2 for chemical etching, 

Another sample of 15 transistors was selected with ay < 0.9 and the 
wame base-layer thickness as before, The value of ay/a; was 2,09 a 0.2, 
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giving s = 3000 cm/sec. It appears that many cases of low a can be 
ascribed to improper surface treatment. 


It must not be assumed, however, that all low a units are the result of — 


high s. The search for the low a sample above disclosed many transistors 
with ay/az > 3, which usually turned out to be due to large base thick- 
ness. The calibration curve of Fig. 7 applies only to the 2.2 mil average 
base thickness. Larger thicknesses could be calculated. They would 
yield similar curves lying above the present curve, so that for a given s, 
ay/az increases as W and W increases. This is an important point which 
argues in favor of three-dimensional theory without volume recombination. 


GEOMETRY: ISMIL EMITTER 
w 45 MIL COLLECTOR 
SPACING,“ I MIL MINIMUM 


W 2.2MIL AVERAGE 





RATIO OF FORWARD TO BACK ce (dy/az) 


100 1000 10,000 100,000 
SURFACE RECOMBINATION VELOCITY S (CM/SEC) 


Fic. 7 A computed calibration curve for the determination of surface-recombin- 
ation velocity s, from simple measurements on a completed transistor. 
This curve s applicable to the TA-153 geometry of Fig. 2. 


If a one-dimensional theory with volume recombination dominant over 
surface recombination were applicable, ay/az would be independent of W, 

The calibration curve of Fig. 7 can also be used to follow changes in 8 
due to various surface treatments on the same transistor. To illustrate 
this application, a group of unpotted transistors was made up from which 
three units were selected which had average base thicknesses of 2.2 mils, 
They were then treated with various solutions. After each treatment 


the units were washed in distilled water, dried, and ay/a; measured. The 


corresponding value of s was then obtained from Fig. 7. Typical data 
are shown in Table 3. 

It can be seen that surface treatments vary s over wide limits. Yet the 
processes are quite reversible; electrolytic etching always restores the sur- 
face to s = 250 cm/sec approximately. 

The significance of surface-recombination velocity in device perform- 
ance and the ease with which s may be measured suggest that the method 
may have application as a quality control test in junction-transistor 
manufacture, 
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TABLE 3 TA-153 GEOMETRY, UNIT A: 





Treatment an/ayz 8 QebN 
Standard TA-153 Etching (Ref. 3) 1.35 400 em/sec | 24 
lectrolytic etch in 1 per cent NaOH solution 1.16 200 37 


itch containing Cu(NOs)e (Ref. 9). Etch for 10 
sec. Very slight deposit of copper on the ger- 


manium 2.41 7,400 0.7 
Copper removed by ammonia and hydrogen per- 
oxide solution 1.20 250 30 


Distilled water which had been boiled with a 
piece of brass 


After 5 min 1.13 180 28 

After 10 min 1.11 150 52 

After 3 hr 2.5 10,000 0.5 
Ilectrolytic etch in 1 per cent NaOH 1.25 280 27 
Saturated solution of ZnCl, 1.64 880 9 
Klectrolytic etch in 1 per cent NaOH 1.20 250 32 








TrANSIT-TIME Dispersion. The properties of junction transistors at 
the higher frequencies depend on many factors such as diffusion time 
through the base layer (diffusion capacitance), junction capacitance of 
the collector, internal lead resistance, etc. These have been discussed in 
the literature. Because transistor theories have been confined to one- 
dimensional analyses, the factor of transit-time spread due to path- 
length variation has been ignored. This type of dispersion is similar to 
the path-length—transit-time effect in electron-multiplier tubes, wherein - 
electrons which have traversed various paths through the multiplier have 
4 spread in transit time. This dispersion has been calculated for the 
‘TA-153 structure, using the hole-flow map to estimate the path-length 
distribution. Then, since t = 2?/D,, the relative number of holes having 
(transit times between t and ¢ + At is obtained. An analysis of this dis- 
persion curve indicates that a, will be down 3 db at about 1 me due 
(o this effect. A similar calculation in a plane-parallel alloy structure 
including edge effects shows that a. is 3 db down at 5 mc. While at 
present the other limits to high-frequency performance in the TA-153 
are more important, future design of special high-frequency transistors 
should take the path-length dispersion into account. This can be done 
by attempting to provide parallel junctions. 
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CONS 


5I. THE DEPENDENCE OF TRANSISTOR PARAMETERS ON 
THE DISTRIBUTION OF BASE LAYER RESISTIVITY * 


J. L. MOLL AND I. M. ROSS 


This paper presents a method of analyzing transistor behavior for any 


base layer impurity distribution. In particular, expressions are derived — 


for emitter efficiency y, transverse sheet resistance R, transit time r, and 
frequency cutoff fa. The parameters y and R are functions only of the 
total number of impurities in the base layer. The analysis is used to 
derive y, R, 7, and fa for four different distributions—uniform, linear, ex- 
ponential, and complementary error function. For each of these distribu- 

tions a transistor base layer design equivalent in R and fa is obtained, 
Comparison shows that for equivalent parameters the nonuniform dis- 
tributions permit the use of wider base layers, but require greater maxi- 
mum impurity concentrations and must be operated at higher current 
densities. 


INTRODUCTION 


The dependence of transistor parameters on geometry and conducting 
characteristics of emitter, base, and collector has been discussed for the 
case of minority carrier transport across the base layer by pure diffusion 


(Ref. 1, 2). This case is realized physically by having a base layer of 


uniform resistivity throughout. The dependence of frequency response 
on base layer thickness for transistors with uniform base layer resistivity 
is well known. High frequencies require thin base layers, making the 
fabrication of high frequency transistors difficult. 


* Originally published in Proc. JRE, Vol, 44, Jan. 1956, 

The authors are indebted to R. W. Hamming who was of great assistance in the 
computing of transit, times, and to the reviewer who pointed out an error in the 
treatmont of the exponential ease, : 
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If the resistivity varies across the base layer from emitter to collector 
the change in equilibrium majority carrier concentration results in 
“built-in” fields which may aid or retard the flow of minority carriers 
across the base layer. In particular, if the donor concentration (for 
p-n-p) decreases from the emitter to collector the resultant fields will 
aid the flow of minority carriers across the base layer with a resultant 
decrease in transit time and increase in the frequency cutoff of the trans- 
port factor as compared to the case of pure diffusion. 

The enhancement of frequency cutoff by an appropriate resistivity 
gradient eases the fabrication problem somewhat, and a quantitative 
calculation of the effects of the resistivity gradient on frequency and 
transit time as well as the effects on other transistor parameters was 
desired. 

In addition to effects on the frequency behavior of the transport factor, 
the distribution of base layer impurities can effect the behavior with 
frequency of the emitter efficiency, y. The total number of impurities 
as well as geometry determine the low frequency emitter efficiency and the 
base resistance ry. Some of the effects of an exponential distribution of 
impurities have been discussed (Ref. 3, 4). This paper presents a 
method of analyzing transistor behavior for any base layer impurity 
distribution. The analysis is used to give a simple comparison of the 
properties resulting from four different distributions. 


THEORY FOR A GENERAL DISTRIBUTION 


Assumptions. a) A one-dimensional geometry will be analyzed. 

b) The base layer thickness is large compared to a mean free path 
for charge carriers. Hence the motion of carriers can be represented by 
diffusion plus drift equation. 

c) The mobility of carriers is constant. This is not true for impurity 
densities greater than about 10!°/cc, but the assumption of constancy 
does not radically alter the final results. 

d) The density of “minority” carriers is small compared with the 
density of “majority” carriers; i.e., there are no conductivity modulation 
offects. Also the density of “majority” carriers is small enough that 
Maxwell-Boltzmann statistics apply; i.e., we are dealing with nondegen- 
erate semiconductors. 

¢) Recombination in the base layer is negligible. This assumption 
\mplies that the de transport factor B is unity. Hence the component 
of current carried by minority carriers is constant (in the dc case) across 
(he base layer. Actually, this is not an unduly restrictive assumption 
since the effect of a finite minority carrier lifetime in the base layer can 
he calculated from the relationship 

T . 
1—6§=— (1) 
Tp 
whore r = average minority carrier transit time, 
ry ™ minority carrier lifetime in the base layer, 
6 = fraction of emitted holes (for penep) that reach the collector, 
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Basic Equations. Fig. 1 illustrates the general configuration that will 
be considered. The theory will be developed for an n-type base region. 
The zero of the spatial coordinate x will be taken at the emitter-base 
junction and it will be assumed that the holes are collected at x = w. 


There may be space-charge widening effects on the base layer in some of — 
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Fig. 1 General distribution of donors and acceptors in structures to be analyzed. 


the configurations that will be considered. In such cases w will vary 
with collector voltage but these effects will be neglected in this analysis. 
Let N(x) = excess donor density in the base layer (see Fig. 1). 
Then if N > n; it is approximately true (Ref. 5, 6) that 


= N & netv—o ier (2) 


where n = electron density, n; the intrinsic value of electron density, 
¢ is the Fermi potential and y is the electrostatic potential. 
From (2) we obtain 


b= ae (3) 


“built-in field.”’ 


ll 


_ Also the hole current density J, is given by (Ref. 7) 


dp 
Ip = quppE — qDp —: (4) 
dx 


where J, is the hole current, up and Dp are mobility and diffusion constants 
for holes i in n-type material, and p is hole density. Substituting (3) into 


(4) we obtain 
dN ad 
In = —qDy ee fe ol. 


N dx (5) 
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The steady-state solution to (5) with the boundary condition that p = 0 
at x = wis 
| | i 


qDp N(z) 


The hole concentration, po, in the base layer adjacent to the emitter junc- 
tion can be obtained from (6), and is of interest since this quantity is re- 
lated to the emitter voltage by the boundary condition (Ref. 8) 


Po = Pnoet’e/*” (7) 


Where pro = thermal equilibrium value for hole concentration in the base 
layer at the emitter junction and V, = emitter voltage. The hole concen- 


tration po is 
fp fovea (8) 
Po = x. 
; qDyNo Yo 


where No is defined as the excess donor concentration in the base layer 
adjacent to the emitter junction. 





N dz. (6) 





DERIVATION OF FUNDAMENTAL TRANSISTOR PARAMETERS. The trans- 
verse sheet resistance R of the base layer is given as the reciprocal of the 
integrated transverse conductance (Ref. 9) and is very nearly 


1 w 
— = dun N dx, 9 
; aun J (9) 


where R = resistance/square and yu, = electron mobility. For any fixed 
geometry, the ohmic base resistance is directly proportional to R. Thus, 
for circular geometry the ohmic base resistance for the active region be- 
(ween emitter and collector (Ref. 2) is 

R 1 


y= = —— 10 
: 8x 8rqu,Nw ae 


for uniform base layer. 
The de emitter efficiency is defined as 
Ip 
Vigo Te 
where J, and J, are the electron and hole currents respectively crossing the 


emitter junction. 
The electron current J, is (Ref. 10) (for uniform resistivity in the emitter) 





(11) 


Dn Ni" 
aes 
a 





— (e aVe/kT _. 1) (12) 
n Po 

where Po is the acceptor concentration in the emitter region, L, is the dif- 
fusion length for electrons in the emitter (Ref, 11) and D,, is the diffusion 
constant for electrons in the emitter region, 
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From (7), (8) and (9) we obtain 
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Ip = PDptnknzer’ e!*?, (13) 
For V. > kT/q (12) and (13) give 
R- 
1= (14) 
R +——— 
QUpLnPo 


This expression neglects possible differences in mobility between emitter 
and base regions but does give the general form of the dependence of y 
on the geometrical parameters. Note that the second term in the denom- 
inator of (14), which arises from electron current into the emitter, could 
be written as the transverse sheet resistance of a slice of the emitter which 
is one electron diffusion length thick. Equation (14) shows that the de 
emitter efficiency is a function only of the sheet resistance of the base 
layer and the conducting properties of the emitter region. Also, for a 
given emitter region, y approaches 1 as R is increased. This places a 
lower limit on R consistent with high de y. This requirement conflicts 
with the general objective of low ohmic base resistance. 
The average transit time for holes, 7, is given by 


“ dx 

r=f = 

0 v 

where v is the average velocity at position x. The velocity is related to the 
current J, by the relationship 














(15) 


Ip = pqu. (16) 


A substitution for p from (6) gives 


1 1 " 
= a N(x) dz, 


= J . se f “N(t) az| dx. 


The alpha of a transistor, defined as the ratio of change in collector 
current to corresponding change in emitter current, can be written as the 
product of y, 8, and «* where y is the emitter efficiency, 8 is the trans- 
port factor and a* is the ratio of total collector current to minority car- 
rier current at the collector junction. For the purposes of this paper, we 
assume that a* is unity. Both y and 8 decrease in magnitude as frequency 
is increased so that the frequency cutoff of alpha is determined by a com= 
bination of the frequency behavior of y and B. We will consider the fre« 
quency cutoff of y and ~ separately, 

In the transistor of Fig, 1, a drift field exists in the base layer which 
forces the holes in the base layer to drift towards the collector junction, 





(17) 
hence, 


(18) 
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In this case, as distinguished from that of the uniform base layer, the 
frequency cutoff of the transport factor is not proportional to the re- 
ciprocal of transit time. In fact we will have a phase shift in 8 without 
the corresponding fall off in amplitude. 

A general relationship between transit time + and frequency cutoff can 
be obtained from the following consideration: The frequency cutoff of 8 
(defined as the frequency where the magnitude of 8 has fallen to 1/2 
of its low-frequency value) is proportional to the frequency with which 
infinitely narrow spikes of holes can be emitted at the emitter and still 
be distinguishable when they have reached the collector. Each spike of 
current will start as a very narrow bunch of holes which simultaneously 
drifts and diffuses towards the collector (Ref. 12). To a first order, the 
effects of drift and diffusion can be considered separately so that we can 
say that in time 7 (transit time) the bunch has spread in space to a 
width of 


d ~ VDpr. (19) 


If we take d as the closest spacing of the bunches that are still distinguish- 
able, the spacing in time of the spikes must then be 





d 
t=r- (20) 
Ww 
or 
f 1 w 21) 
t Vv Dyt”? ( 


fs = frequency cutoff of B. 


‘The values of transit time and frequency cutoff for the uniform case have 
been calculated (Ref. 1). From equations (25), (26) the relationship of 
(21) can be reduced to, 

1 w 


© eV Dy (2r)* 
‘The nature of the assumptions used in obtaining (22) limits its accuracy 


(o within about 20 or 30 per cent. However, the direction of error should 
be the same for all distributions. 


ts (22) 


SPECIFIC DISTRIBUTIONS 


The quantities R, r, and fg will be discussed for four specific donor dis- 
(ributions in the base layer. The excess donor distributions will be taken 
aaa) Uniform, b) Linear, c) Exponential, and d) Complementary error 
function. In cases b), c) and d) it will be assumed that the concentra- 
tion decreases from emitter to coilector so that the built-in field aids 
transport, As before, the collector junction will be taken at x = w. The 
uniform case has been extensively discussed and will be taken as the basis 
of comparison for all of the other distributions, The subseripts 0, lin, exp, 
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erfe will be used to designate cases a, b, c, and d respectively to facilitate 
the comparison. 


UNIFORM. — 
N(x) = constant = Np. (23) 
From (9) 
1 
— = qu,wNo. 24 
Ry dB 0 (24) 
From (10) 
we 
= — 25 
To 2D, (25) 


Also, the frequency cutoff for the uniform case is 


Dy 
foo = —: (26) 
Tw 
LINEAR. 
x 
N(a) = No (1 = =) (27) 
w 
1 1 N 1 (28) 
—— 7 w= — 
Riin 2 oe : 2Ro 
we 1 (29) 
Tin. = 4D, = a 


and from (22) and (26) 


V2 Dy 
pice eos = 2V%p. (30) 


EXPONENTIAL. 
N(a) = Noe 7!# = Ny. (31) 


Collector junction is at x = w where N(x) = 0; hence 
—-=hn—- (82) 


(Actually, in the examples considered here, collection occurs at a place in 
the base region where the concentration of donors is at least as high, or 
higher, than the concentration of acceptors in the collector region. How- 
ever, for purposes of comparison, the same conditions are assumed for all 
distributions.) 








1 1 1 Mf 1 +1 (33) 
pipe peo mct 


N Ny 
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Fig. 2 shows a plot of Rexp/Ro as a function of No/N1 





w 2 2 N/No ln u du 
Tep =" — [ (34) 
2D i "We (in ay 1 1l-—wu 
1 ny 


In (34), the dimensionless parameter u is introduced to demonstrate the 
dependence of transit time only on No/Ni. We can rewrite (34) as 


No 
Texp = tof ee (35) 








104 105 


3 10 5 
No/Ny tee No/N\ 
ia, 2. Effect of various impurity | Fie. 3 Effect of various impurity dis- 


distributions, on base layer resistance. tributions on transit time. 


where f(No/N1) is the multiplier of w?/2D, in (34). Fig. 3 shows a plot 
Of Texp/7o a8 function of No/Ni, 


Saex = fof (m)] (36) 


Wig. 4 has a plot of fg exp/fo as a function of No/N4. 


JOMPLEMENTARY Error FuNcTION, 


N(x) = No orto acti (37) 
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Fig. 4 Effect of various impurity distributions on frequency cutoff of 8. 
It will be assumed that N(x) = 0 atz = w or 
w 
No eres = N, (38) 


1 
Re fe 





= qunNow ie (mae ] (39) 


Tv 








1 4 
ae — p—w?/L3) |, 
Ra Be l= rr | (40) 


Fig. 2 shows also a plot of Rerte/Ro a8 a function of No/N;. Also, 


w ; 
Terfo = ~ f dk. (41) 
Dy Yo 


Pp 


In (41), the dimensionless parameters have been introduced so that 
integral is a function only of Ny/No and w/L which ia a function of Ny/No, 








Chapter 5: DesicN oF JUNCTION TRIODES 401 


N 
Terfe = TOP (=): (42) 
0 


We may write 


where 

_ nw Ny 

ff (cio - San 
Ni 1S L No 

ge ee is 

No 0 fw ON, 
erfe — — — 
L No 


Fig. 3 shows a plot of Terfe/To as a function of No/Ny. Also, 


fs ate = Jo| 9 (mT. (44) 


Fig. 4 has a plot of fg erte/fo as a function of No/M. 


DISCUSSION 


We have obtained formulas relating some of the fundamental transistor 
parameters to the distribution of impurities in the base layer. A direct 
comparison between the attainable transistor parameters is desirable, 
however. The essential transistor parameters which affect the behavior 
of transistors include base resistance, frequency cutoff of 8, low-frequency 
y, frequency cutoff of y, collector capacitance, low-frequency collector- 
emitter voltage feedback, space-charge-layer widening effects on a. 

In order to reduce collector capacitance and mitigate “punch-through 
limitations” it has been proposed that a high resistivity layer be included 
between the base and collector (Ref. 2). This inclusion would have the 
effect of forcing the space charge region to extend towards the collector 
rather than in the direction of the base layer. In this case, the number 
of base layer donor atoms which are included within the space-charge 
region is essentially independent of the distribution of donors in the base 
layer, and is a function only of collector voltage. Thus, the effect of 
vollector voltage on transverse base layer sheet resistivity does not depend 
on the distribution of donors in the base layer. The effect of collector 
voltage on collector-emitter feedback and low frequency y are also inde- 
pendent of the distribution of carriers in the base layer, but are functions 
of the total number of impurity centers. The requirements of high de y 
and low 7”, make it necessary to compromise the value of R (base layer 
sheet resistivity) and this compromise is independent of donor distri- 
bution, 

The parameters that are a function of donor distribution in the tran- 
sistor structure that we have hypothecated are fa, the frequency cutoff, 
and No, the density of donors in the base at the emitter junction. The 
density No is a large factor in determining the behavior of the emitter 
junction at high frequencies, For thin base layers and low resistivity 
omitter regions, the high frequency behavior of the emitter junction may 
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be approximated by the parallel combination of an emitter resistance r- 
and emitter transition region capacitance C7,. On a unit area basis, and 
for a junction approximating a step (Ref. 13) 


Cre mM No (45) 

: (46) 
'~> 
I. 


The current which flows into Cy, does not contribute to hole flow so that 
the emitter has a frequency cutoff (frequency cutoff of y) proportional to — 
the reciprocal of the time constant. 


tL = eC e) 47 
i reCr (47) 
reCre™~ V No/Le. (48) ' 


Hence, if the ratio /No/I- remains constant, the emitter cutoff frequency 
remains constant. (Actually, Cp, is a function of the forward voltage, 
but this variation is slow compared to the variation of I, with voltage.) 

In practice, the relationship in (48) means that in order to attain 
higher frequencies it will be necessary to operate transistors at higher 
current densities. Also, to attain a given cutoff frequency in the emitter, — 
the operating current density is a function of the base layer donor dis- 
tribution. 

In particular, distributions with high No require higher emitter current 
densities than those with low No to attain the same y frequency cutoff. 
However, it will now be shown that, for equal base resistances and the 
required higher current density consistent with high y frequency cutoff, 
the distributions with high No actually operate at lower hole concentra- 
tion. Eq. (8) shows that, if the total number of impurities in the base 
layer is fixed, the maximum hole density po is given by 


~ (49) 
ee 
Po No 
Furthermore, if Ip/~/ No is constant, then 
1 





ea : 50 
Po /No ( ) 

To present a concrete comparison of the base layer designs, four ger- 
manium base layers equivalent in R and f, were obtained by a cut and 
try process from Figs. 2, 3, and 4. These base layer designs are shown 
in Fig. 5. It is assumed for this comparison that the density of acceptors 
in the collector is 104 and for the uniform case the density of donors is 
4 10'/em* and w = 2 10°4 om (Ref, 14), It is seen from Fig. 5 
that the nonuniform distributions require greater maximum donor con+ 


Chapter 5: DESIGN oF JUNCTION TRIODES 403 


centrations than does the uniform case. Thus for equal y cutoff fre- 
quency the nonuniform distributions must operate at higher current (and 
power) density than does the uniform distribution, but at a lower ‘hole 
density. Also, the uniform case requires a narrower base region than do 
the nonuniform cases. 

We have not attempted to account for variation of mobility across the 
base layer in the analysis. In the examples of Fig. 5, this variation 


would certainly have an effect since at N = 4 & 1016 the hole drift mo- 
bility (Ref. 15) in germanium is only 1100 while at 101° (roughly the last 


LTT 
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DENSITY x 107'6 
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Fic. 5 Equivalent base layer designs. 


third of the transit for the exponential case) the mobility is approxi- 
mately 1800. The increased mobility at the end of the transit would be 
at least partially compensated by the lower mobility at the beginning of 
the transit so that exact estimation of this effect is difficult. 
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5J. ON THE VARIATION OF JUNCTION-TRANSISTOR 
CURRENT-AMPLIFICATION FACTOR WITH 
EMITTER CURRENT * 


w. M. WEBSTER 


Existing theories of the junction transistor fail to predict the very signifi- 
cant variation of current-amplification factor, %», as the emitter current 
is varied. This variation has been very troublesome in power transistors, 
particularly at high emitter currents where the ae» fall-off may be so 
severe as to limit usefulness. At low currents, a» also drops off, an effect 
of importance in very low-power applications. By taking into account 
modification of the base region by the injected charge carriers, an expla- 
nation is found for the observed variation. Electric fields in the base 
region decrease the mean transit time for minority carriers on their way 
to the collector. This reduces the effect of surface recombination and in- 
creases current-amplification factor as the emitter current rises. Another 
effect, however, is in the opposite direction; this second effect 1s due to an 
increase in conductivity of the base material which increases the rate 
of volume recombination and also lowers emitter efficiency. The com- 
bination of these effects yields calculated curves which show a maximum 
and agree well with experiment. The work is applicable to both p-n-p 
and n-p-n types, and it is shown that the latter is inherently less sensitive 
to emitter current density. 


INTRODUCTION 


As the emitter current in a junction transistor is increased, the current- 
amplification factor is observed to initially increase, go through a maxi- 
mum, and finally decrease steadily. Fig. 1 shows this variation for @ 
typical p-n-p alloy-junction transistor. In this figure the ratio of col« 
lector-signal current to base signal current is plotted as a function of d 
emitter current. For many applications, this variation is a severe limi 
to usefulness. For example, it is a source of distortion which increas 


* Originally published in Proce, JRE, Vol, 42, June 1064, 
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rapidly with signal level and, as such, is a consideration in audio-output 
amplifiers. Even small-signal operation may be affected since the gain 
of an amplifier stage will vary appreciably with bias currents. 

It is the purpose herein to show how the variation of current gain 
with emitter current can be accounted for by the change in the character- 
istics of the base material produced by the injected carriers. Previous 
transistor theory ignored such effects in that the injected-charge density 
was assumed to be small compared to the density of ionized impurity 
atoms. This is not often the case. A simple calculation will show that 
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Fic. 1 Variation of current-amplification factor, a», with emitter current for a 


typical p-n-p alloy transistor. 


the injected-charge density in the base region of a TA-153 transistor 
(Ref. 1) is about equal to the impurity-charge density when the emitter 
current is of the order of 1 ma. (This is a current density of about one 
ampere per square centimeter.) Since similar transistors are sometimes 
used at currents in excess of 10 ma, the injected charge is rarely negligible. 

The most important changes produced by the injected charge are these: 


a. A small field is developed in the base section which aids the flow of 
injected carriers from emitter to collector. 

b. The conductivity of the base section is increased. This decreases 
emitter efficiency and increases volume recombination. 


The first sections of the present work briefly review the aspects of 
transistor theory which need amendment and the proper corrections are 
derived in simple terms. The remainder consists of appendices where 
more complete derivations may be found. 

Throughout, derivations apply to the p-n-p transistor. The final equa- 
tions have the same form for the n-p-n transistor and are obtained by 
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simply interchanging a few subscripts. - 


Data apply to germanium tran- 
sistors. 


CURRENT-AMPLIFICATION FACTOR 


A current-amplification factor, ee, is defined as the variation of col- 
lector current, Jo, in response to a change in emitter current, Iz, with the 
collector voltage, Vc, held constant. These currents are defined in Fig. 2. 


hoe 


—>lI_e ak 


O O 
EMITTER COLLECTOR 





BASE 


Fig. 2. Current convention used to define ap and ae. 
This can be expressed mathematically as: 


ol 
Ace = ued (1) 
Olz Vo 


Another current-amplification factor, a¢,, can be defined: 


dlc 
ach = — = 


olz 


Ace 





1 — dee 


If ae is nearly unity, as is the case for a useful junction transistor, 





(2) 


%» is a More sensitive parameter than @,- and, since it is easier to measure 
accurately, permits a more reliable comparison between theory and ex- 
periment. 

Fig. 3 shows a sketch of the potential distribution through a p-n-p 
transistor and, schematically, the paths taken by the holes and electrons 
therein. The arrows on the paths indicate the direction of particle motion, 
The emitter current is composed of holes injected into the base (Igp») 
and electrons extracted from the base (Ig.). Some of the holes which 
constitute Iz, recombine on their way through the base with electrons 
which enter through the base lead. The recombination rate defines & 
current Ip. The collector current is composed of the holes which did n 
recombine and a “saturation” current, Z,., composed primarily of hol 
and electrons produced spontaneously by thermal energy in both the ba 
and collector region and possibly a leakage current across the collector 
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ia. 3 Potential distribution in a p-n-p transistor showing, schematically, the 
paths followed by holes and electrons. 


junction. For a good transistor, Io, Iz, and Ie, should all be small com- 
pared to Igy. Now, 


Ip =IRrn+ Ine — Ico 


Iz < Trp + Ine = Tgp, 


since Igzp >> Ize. The equation which describes the change in Jz for an 
incremental change in Jz with collector voltage constant is: 


ol, dlp Orr ol, Ee ol co 
ale . Oley ye aig; 


‘There is no physical reason why the thermal generation or leakage should 
vary with Izy so that 0I-o/dIzp may be set equal to zero. Thus, 


Ip = OT One 1 


als "Oly OLE ie 


and 

















aln (3) 


‘This means that «,, can be determined if it is known how recombination 
and the fraction of emitter current composed of electrons vary with the 
number of holes injected. 

The recombination term should be separated into two parts, one due 
(o surface recombination and the other to volume recombination because 
the two mechanisms obey different equations. If this is done, an expres- 


sion may be written for 1/a.» which contains three terms which may be 
investigated independently 


cb 
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Here, SR refers to surface recombination and VR to volume recombina- 


tion. The partial first-order theory previously published (Ref. 2) gives 
the following values: 





lve _ Ive _ a). a 


and 





ei (6) 


where W is the thickness of the base region (see Fig. 2), Ly is the diffusion 
length for holes in the base region, op and «, are the conductivities of base 
and emitter regions respectively, and ZL, is the diffusion length for electrons 
in the emitter region. 

An expression for the surface-recombination term, 0/sr/dIzp, is now 
needed to complete the first-order theory. It may be derived as follows: 
Nearly all of the surface recombination in an alloy-junction transistor 
occurs in an area which is ring-shaped and surrounds the emitter ‘‘dot.” 
The number of holes recombining depends on the product of s, the surface- 
recombination velocity; an effective surface area for recombination, A,; 
and the density of holes present near the surface, p. This is expressed by 
the equation Isr = esA,p where e¢ is the electronic charge. Since the area 
where major surface recombination takes place is very near the emitter, 
one sets p equal to the hole density at the emitter junction which will be 
called p,.. The first-order theory assumes that holes flow purely by dif- 
fusion according to the law: Jp = —eD, grad p = Iz,/A where J> is the 
hole-current density and A is the cross-sectional area of the conduction 
path (which is about equal to the emitter area). For plane-parallel geom- 
etry where volume recombination may be neglected as far as its effect on 
hole density is concerned (the case for any useful transistor), this may be 
integrated to yield pp = Iz,W/AeD, which is substituted into the expres« 
sion for Igr. The result is: 


Isr sAW Olsr 





= (7) 
le DA ble, 





Since electric fields in the base region were neglected in solving for pe, this 
expression is not exact. It is, in fact, of approximation comparable to the 
terms quoted above as (5) and (6). 

Now the complete expression for 1/a,, according to the first-order 
theory may be written combining (5), (6), and (7). 


sA,W sn oypW 1 1 (2) ( 
DyA —s aele «=. 2: LL 

None of the three terms depends on emitter current, Thus, to expla 

experimental results the basic assumptions which may be insufficient 

exact must be further investigated, Two assumptions require revisi 

One of these states that electric fields in the base region may be neglee 


1/acy = 
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the other, that the change in base-region conductivity due to injected 
charge is trivial. These are both indirect consequences of the assumption 
that the injected-hole density is small compared to the density of ionized 
donor atoms which, as indicated above, is not often the case. 


FIELDS IN THE BASE REGION AND 
SURFACE RECOMBINATION 


In the first-order theory, where electric fields in the base region are 
neglected, hole-current density in the base is given by: 


Jp = —eDp grad p (9) 


where Jp is the hole-current density, ¢ is the electronic charge, D, is the 
diffusion coefficient for holes in the base region, and 7 is the hole density at 
any point. Electron-current density is assumed equal to zero. 
To include effects due to the electric fields in the base two equations are 
required : 
J- = —nepe grad V + eD, grad n. (10) 
(11) 


Here, J, is the current density of electrons in the base, n is the electron 
density, “e and uy are electron and hole mobilities, D. and D, are electron 
and hole-diffusion coefficients and V is the electric potential. 

To these equations can be added n + Na = p+ Na where NV, and Na 
are acceptor and donor ion densities. This equation stems from the fact 
that the net charge density in the base region must be essentially zero. In 
n-type material, N, may be set equal to zero without serious loss of accu- 
racy and Ng assumed to be a constant throughout the base. Thus, » = p 
} Na and grad n = grad p. 

If the transistor is to be useful, J, must be very small compared to Jp. 
If J, = 0, n replaced with Na + p, and grad n with grad p, equations (10) 
and (11) may be combined to yield: 


Jp = —peup grad V — eDy grad p. 





Pp 
Jy = — (eD,p grad p) ( + ). (12) 
> (eDy grad p Wes 
Also 
D. kT grad p 
wit dp = ————: 


ue (Watp) ) e(Na +P) 


If p «Na, (12) reduces to the first-order equation given as (9). However, 
wn p increases, the current density increases more rapidly than grad p until, 
whon p «Na, Jp © —2eD, grad p. When this happens, half the hole 
urrent is carried by diffusion and half by the electric field.. Under these 
vonditions, reasonably accurate results may be obtained if the diffusion co- 
efficient is multiplied by two wherever it appears in equations derived from 
the first-order theory, In the transition region where 0,01 < p/Na < 100, 
more careful calculation is required, 


grad V = (13) 
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The origin of the electric field can be described in physical terms as 
follows: In order to pass a certain hole current, a hole-density gradient 
is required. The condition of space-charge neutrality stipulates an equal 
electron-density gradient. The electron-density gradient would like to 
induce a flow of electrons in the same direction as the flow of holes. This 
happens, momentarily, until an unbalance of charge sets up an electric 
field to hold the electrons in place against their density gradient. The 
same field, however, acts in a direction to encourage hole flow and, in the 
limit, doubles the hole-current density for a given density gradient. 

The field in the base region has a considerable effect on the surface- 
recombination term. At low currents, the expression given above applies, 
ie., sA,W/D,A. At high current density, however, D, is effectively 
doubled and the per cent of the hole current lost by surface recombina- 
tion is divided by two. The transition between the two cases accounts 
for the initial rise in current gain with emitter current. A calculation of 
the behavior in the transition region is given in Appendix I of this article. 

The result of the analysis of Appendix I is: 


ase sWA, 
ti, Del 


where the function g(Z), which will be called the “‘field factor,” is plotted 
vs Z in Fig. 4 and 








g(Z) (14) 





FIELD FACTOR, g (Z 





Fig. 4 The field factor, g(Z), as a function of (Z). 


Z is a convenient dimensionless parameter to use in the analysis. It is 
the ratio of hole density in the base region at the emitter junction to don 
density which one would compute from the first-order theory. 

For high values of Z, i.e., greater than about 20, g(Z) approaches 0.5 
for Z = 0, g(Z) has the value of unity, Thus, the loss in current-ampli 
fication factor due to surface recombination decreases as emitter curren 
is increased and approaches a final value of one-half the initial value 
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This causes the current gain to rise, initially, with emitter-current density 
at a rate which depends on the base width, W, the impurity type and 
conductivity of the base material. 

In passing, it might be mentioned that the so-called diffusion capaci- 
tance of a junction transistor is reduced by the field in the base region 
by a factor of two as emitter current is increased. This has been ob- 
served to occur at about the same current as saturation of the curve for 
q(Z), as it should, since it also depends inversely on the diffusion co- 
efficient (Ref. 3). 


MODULATION OF BASE-REGION CONDUCTIVITY 
BY INJECTED CARRIERS 


As pointed out before, the assumption that p< Ng is incorrect in 
a transistor which is operating at a current density in excess of about 0.1 
amp/em?. It is usually assumed that the number of electrons in the con- 
duction band of the base region is Ng. Instead, Na + p should be used. 
A reasonably good correction to the first-order theory consists of simply 
multiplying the base conductivity by the ratio (p + Na)/Na where it ap- 
pears in the above equations for de current flow (Ref. 4). This ratio is 
that of the electron density in the base with injected holes present to their 
density in the absence of holes. One should use the value of p/Nq at the 
emitter which, for large currents, is given approximately by Iz,Wu.-/ 
2D,)A», = Z/2. (See Appendix I of this paper.) Thus, wherever oz ap- 
pears in the de equations it should be multiplied by: 


pt+Na 


d 


=1+2Z/2. 


WMITTER EFFICIENCY 
‘The partial first-order theory predicts 
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‘his may be amended by writing instead, 
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Mince Z is a function of Zp», one cannot simply equate d1g./dIzp to this 
but must take the derivative as follows: 


OL no “"( I np —) 
—— a ee | | Z/2 cma cmesme | ¢ 
OL ny Olio +r / + 2 OT ny 











412 PRINCIPLES OF TRANSISTOR DESIGN 


Izp(0Z/0Izp), however, equals.Z since Z and [gp are linearly related. Thus, 
the effect of differentiation is simply to double the term in Z and 


ates. oa 
re ey, (15) 
Olen cele 








This equation states that the emitter efficiency decreases, and hence, 
the current-amplification factor drops as emitter current is increased. 


Further, at high currents, the current-amplification factor «,, should vary — 


inversely with the emitter current as is observed experimentally. 

A more exact calculation is made in Appendix II of this paper, which 
also takes into account the changing field in the base region. The ac- 
curate calculation and the approximate one given here are both plotted 
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Fic. 5 The fall-off factor, f(Z), and (1 + Z) as functions of (Z). 


in Fig. 5 against Z. The difference between them is not great, being @ 
most about 25 per cent and less than 20 per cent for Z greater tha 
about 4. 


VOLUME RECOMBINATION 


The expression for the variation of base with emitter current due 
volume recombination (5) does not involve o» explicitly 


Olver Iver 1 (ey 

dnp Im 2 \be 

However, L, may be related to base conductivity through the ave 
hole lifetime since Ly? = Dyr. 7, when it applies to holes lost by bimol 


ular (Ref. 5) recombination, is inversely proportional to the number 
electrons in the base region and, hence, inversely proportional to a), Th 
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the expression for volume recombination may be corrected in the same way 
as the expression for emitter efficiency, i.e., 


Olver 1 (- 
Le 





2 
Olzp 2 ) ee 16) 


The volume-recombination term shows the same dependence on emitter 
current as the emitter-efficiency term. 

Actually, the volume-recombination term ought to involve an integral 
of the base conductivity over the entire base region, whereas simply the 
value of base conductivity near the emitter was used. Such a calculation 
tives a result which is trivially different. This is because most of the vol- 
ume recombination takes place near the emitter where hole and electron 
densities are greatest. There is evidence that volume recombination be- 
comes mono-molecular at high values of Z (Ref. 6). In this case, the varia- 
tion with emitter current vanishes and the volume-recombination term is 
replaced by dlyr/dlzp = W?/4Dytm Where tm is the lifetime for mono- 
molecular volume recombination at high injection levels. 


OCURRENT-AMPLIFICATION FACTOR vs EMITTER- 
CURRENT, THEORY AND EXPERIMENT 


According to the preceding sections, the approximate equation for cur- 
rent gain as a function of emitter current can now be written by com- 
bining (14), (15), and (16): 








1 sWA, (Z) + [ae - 1 (“)] ee an 
Qecb - pA elie 2 \Ly 
where 
Wuel, 
Z= cee (17a) 
D,Acy 


und g(Z) is given by Fig. 4. The accuracy of this equation may be 
jmproved somewhat by using the calculated curve of Fig. 5 for the 
omitter-efficiency term but the difference is not usually significant. 

The above equation is for the p-n-p junction transistor. To apply it to 
(i Nep-n transistor, all that is required is to change the subscripts on 
wobility and diffusion coefficients from e to p and vice versa. Thus, 








Eta ak gt) [+ : (2)] (1 +2) 18 
tec) Baki babes ONL: 1) 
where 
Wuple 
Z = —-: 18 
D, Acs 184) 


Into the expressions for Z (17a and 18a) may be substituted the Einstein 
equations Dy = kTu,/e and Dy = kTu,/e where k is Boltzmann’s con- 
slant and 7’ is the temperature of the transistor, Also, e/up may be set 
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equal to the constant b which has a value of about 2 for germanium. Then: 


(2 
kTAop 


(2 ) 1 
Z= = 
kTAop/ b 
One sees immediately that, if all quantities except the conductivity type 
are the same (i.e., identical geometry, diffusion lengths, and conductivi- — 
ties) a» should vary less with emitter current in an n-p-n transistor than 
in a p-n-p transistor by a factor of b? ~ 4 (for germanium). 


All the derivations above, and those in the appendices, apply to a 
geometry wherein the emitter and collector are assumed to be parallel 
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Fig. 6 Comparison of theory and experiment for a typical p-n-p alloy transisto 


planes and “end effects” are neglected. The alloy-junction transistor is 
reasonable approximation to this case. Most of the quantities involv 
in the expression can be measured fairly exactly for the alloy transistor 
A should be the actual emitter area and W approximately the base thick 
ness measured by the capacitance method. o» and Ly are determined 
the material used. D, and p, are known constants. However, no accura 
method for measuring the quantities s, Ay, o, and L, in alloy-juncti 
transistors has so far been developed. What is done, then, is to u 
values for sA, and o,lve which give the best agreement between theo 
and experiment. These values are reasonable ones and the agreement 
good over a wide current range, 

Fig. 6 shows the variation of current-amplification factor with emit 
current for a TA-153 (penep) transistor, The solid line is the compu 
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curve and the points are experimental data. 
used for computations: 


The following values were 


W = 4.8 X 107° cm? (measured by the capacitance method), 
A = 1.1 X 107% cm? (known emitter area), 
a» = 0.45 mho/cm (known base conductivity), 
Ly = 0.14 em (calculated from lifetime of 500 usec), 
ole = 1.55 mho (obtained from best fit), 


sA, = 0.147 cm/sec (obtained from best fit), 
Dy = 44 cm?/sec and ue = 3600 cm?/sec volt (known values). 


Irom these (Ref. 7): 








opW 1/W2 
= 0.0014, = (-) = 0.0006 
Oclie 2 Ly 
sAsW 
D.A = 0.014, 
and ® 
Wue 


Z= 





Iz = 800I¢ where Ig is in amperes. 
poh 


The value of sA, is quite reasonable. Fig. 7 shows the paths of hole 
flow through a junction transistor as calculated using an analog-mapping 
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Fia. 7 Analog map of hole flow in an alloy transistor. 


technique (Ref. 8). The average TA-153 has a surface-recombination 
velocity, 8, of about 350 cm/sec. The analog map shows that nearly all 
(he surface recombination occurs in a ring around the emitter whose 
Width is about equal to W. From this we estimate A, to be 6 X 10-4 cm?2. 
Using 8 = 350 em/sec, sA, = 0.2 cm3/sec. This is in very good agree- 
nent with the value 0.147 cm*/sec used to match theory and experiment. 

The value of ol, seems to be a bit large. The existing evidence indi- 
iales a value of a, of about 10° mho/em. An intelligent estimate based 
on an extrapolation of L from measurements made on relatively pure 
material to this value of conductivity would suggest that L, should be 
about 10>" em, However, such an extrapolation is probably to be ques- 
tioned more than the result obtained above, 

















416 PRINCIPLES OF TRANSISTOR DESICN 




















CURRENT-AMPLIFICATION FACTOR, &cb 























10 15 20 25 
EMITTER MILLIAMPERES, Ie 


Fig. 8 Comparison of theory and experiment for a typical n-p-n alloy transistor. 


Fig. 8 shows a similar comparison for a (n-p-n) transistor of similar 
geometry. Here, the following values were used: 


W = 4.6 X 107° cm (measured as before), 
A = 1.1 X 107 em? (known), 
0.33 mho/cm (known), 


05 = 

Ly = 0.28 em (assumed) 
oeL = 1.1 mho , f best fit 
- a oe AY nt seo} OPtained rom best fit, 


D, = 93 cm?/sec and up» = 1700 cm?/sec volt (known values). 


From these, osW/oele = 0.0014, sA.W/D,A = 0.005, W?/2Lp? 
1.3 X 107*, and Z = 215 Ig. The values of o-L, and sA, are about th 
same as for the p-n-p transistor, which is reassuring. However, the agre 
ment at low currents is not nearly as good for the n-p-n as for the p-n-p 
The author’s interpretation is that some mechanism exists in addition 
surface recombination which becomes less detrimental as the current de 
sity increases. It is quite conceivable that this may be either the transi 
tion from bi-molecular to mono-molecular volume recombination or evidence 
of a patch-effect at the emitter. In all, however, the agreement betw 
the analysis and experimental data is not too bad. 


CONCLUSION 


A number of corrections to the first-order theory for current gain @ 
required to explain the variation of current gain with emitter curre 
Three of these have been obtained by considering the change in ba 
material conductivity with injected minority carriers and the fields pr 
duced in the base region by the injected current density, New ter 
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for surface recombination, volume recombination, and emitter efficiency 
have been derived. The more complete theory gives reasonable agree- 
ment with experiment. 

In both cases (p-n-p and n-p-n), surface recombination plays the dom- 
inant role (by a factor of from 3 to 10) at low values of emitter current. 
As emitter current is increased, the emitter-efficiency term increases and 
finally dominates the equation for a». 


APPENDIX I 


SURFACE RECOMBINATION. From maps of hole flow in the alloy-type 
{ransistor such as the one shown in Fig. 7 made by an analog technique 
(Ref. 8), it has been determined that nearly all the surface recombina- 
tion takes place in a ring around the emitter “dot.” If this ring has an 
area A,, the number of holes recombining there per second gives rise to a 
current Igy = esA,pe where s is the surface-recombination velocity and 
p» is the hole density at the emitter. Further, 

OI sr ODe 


= seA, > 
Olzp Olzpy 


In the section on fields in the base region and surface recombination the 
corrected expression for hole current density was derived: 











Pp 
Jp = —eD (1+ ) rad p. 
D ? N+? g Pp 
l’or the plane-parallel case then, 
/N d —I 

l: + a | Oy IN ieee 

1+ p/Nal dx eD,»NaA 
—Trpe Z 
~ DpAay W 


where A is the cross-sectional area of the transistor for conduction and oy 
in the base-material conductivity (without injected hole current). This 
equation assumes Jz, is constant throughout the base region and is suffi- 
ciently accurate for a typical transistor. 

‘This equation can be integrated to yield: 


pbs ee ING = — 
Rigs ie ee 
Na P/Na W 


if « = 0, when p = 0 (i.e., at the collector). For p/Na small, this reduces 
to p/Nqa = Zx/W. For p/Naq large, it becomes p/Nqa ~ Zx/2W. The 
density of holes at the emitter, i.e., when « = W, is given by 


— In (1+ p,/Na) = Z. 

















418 PRINCIPLES OF TRANSISTOR DESIGN 


In order to substitute this quantity into the expression for Ol sr/dTzp, 
dp-/dlzp is required. This is obtained as follows: 


dpe Ope AZ _ A(Pe/Na) NaWue 





agp 92 Alzy aZ iD, Aan 
= 8(pe/Na) ‘ W . 
OZ eDyA 


From the equation which relates p-/Na and Z, one obtains, 

dpe/Na 2 pe/Na 

dz 1+.2p./Na 

g(Z) is plotted in Fig. 4 against Z. Combining, one obtains: 
OIlsr WsAs 


= —— g(Z). 
dlzp  DpA 


= g(Z). 





As shown in Fig. 7, the area A, should be rd Ad where d is the diameter 


of the emitter dot and Ad is the width of the “absorbing” ring. A fair esti- 
mate of Ad may be obtained from analog maps. For the geometry studied, 
Ad is about equal to W. 


APPENDIX II 


Emirrer Erricrency. Since the effective diffusion coefficient is chang- 
ing with emitter current, p- is not a linear function of Igp as was assumed 
earlier. The more exact de equation for the ratio of electron to hole flow 
across the emitter junction may be written as: 


el (1 is =) 
lep Celie Na 
where p,/Nz is obtained from the equation 2p¢/Na — In (1+ pe/Na) = & 








aan a(pe/Na) 92 
oi, = 0pW/ocLe ( + (pe/Na) + Inp om) 
ee, as before = ae and lap =Z 
where Z = Wuelzp/DpAop. 
Combining, ale F aw m 
Opp Felve 


h Z) = 1+ po/Nat ZL + pe/Na)/(l + 2pe/Na). f(4) is called th 
Jalvedl dachan and in plotted in Fig, 5 where it may be compared to (1 ++ Z) 
the approximate expression derived in the #ection on omitter officiency, 
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ERRATA 


After this paper was published, it was pointed out to me by Toshio 
Misawa of Japan that the “reasonably good” correction for emitter effi- 
ciency could have been rigorous if I had applied the correction to base 
region conductivity 

|? +N, ‘| 
o 


Na 


to the ac equation, rather than the de equation. This correction has since 
been published by at least three authors.* Thus, equation (15) should 


read 
dIpe o opW (1 + **) 
dIzp ole\ Na 
where p is obtained from the equation 


Pe De 
2B ia(r4 2) a2 
he ae 


d 











of Appendix I. Since p/Nq approaches Z/2 at high currents, this means 
that I predict a fall-off rate too great by a factor of two. This was absorbed 
in the “adjustable constant” ol. when comparing with theory, so that 
my assumed value of o-L, should be halved. 
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SWITCHING DEVICES 























The feature common to the two switching devices described in this 
chapter is the existence of two stable current states for a given voltage. 
In each, the low-current condition corresponds roughly to the reverse 
bias condition of a p-n junction. The high-current condition is reached 
through use of the increase of transistor alpha by. avalanche multiplica- 
tion at high collector voltages, together with an increase of alpha with 
increase of emitter current. In the avalanche transistor the high current 
is also sustained by avalanche multiplication, thus requiring a relatively 
high “on” voltage on the order of 25-50 per cent of the switching voltage. 
In the p-n-p-n diode the high current is sustained because the combined 
alpha of the p-n-p-n device (considered as a hook transistor, with the 
base floating) is greater than 1.0. orr impedances of many megohms, 
ON impedances of a few ohms, and rapid switching make this device of 
very great practical importance. { 

oe ee hook transistors have been developed too re= 
cently for discussion in this volume. This work includes a three-terminal 
modification of the silicon p-n-p-n diode by I. M. Mackintosh * and de- 
velopment of similar devices in germanium by C. W. Mueller and J, 
Hilibrand ? and by J. Phillips.® 


6A. ALLOYED JUNCTION AVALANCHE TRANSISTORS * 


S. L. MILLER AND J. J. EBERS 
A new device, the avalanche transistor, is described. I ts properties derwe 
from the utilization of the multiplication inherent in the breakdown 
process of reverse-biased semiconductor junctions. These junction tran= 
sistors have regions of designable alpha greater than unity and are simis 
lar in many respects to point-contact and hook-collector transistors, 


They should, however, have advantages in speed and designability. Large 





1,2,3 Papers presented at the 1957 AIEE-IRE Semiconductor Devices Resear 
Ceobaaicaaee Boulder, Col., July 1957. To be published in 1958 in IRE Tra 
P.G.ED. 

* Originally published in B.S.7'.J., Vol. 84, Sept. 1955, ' ' 

The authors would like to acknowledge the benefit of many discussions wi 
J. L. Moll, J. J. Kleimack fabricated the first devices on which body breakdo 
could consistently be observed, Many of the data were gathered by W, ©, Moye 
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regions of negative resistance of moderate magnitude can also be obtained 
in appropriate circuits. The device should find wide application in both 
switching and transmission. Design information for avalanche transistors 
is given. 


INTRODUCTION 


It has been shown recently that reverse biased silicon and germanium 
junctions break down as a result of a multiplicative process which is 
analogous to multiplicative breakdown in a gas (Ref. 1, 2, 3). Minority 
carriers which are thermally or otherwise generated diffuse to the high 
field region of the reverse biased junction, where they are accelerated, 
producing hole-electron pairs by collision with the atoms of the crystal 
lattice. As in the case of ionization of a gas, the rate of pair production 
is dependent upon the electric field distribution; however, it has been 
found that in the case of semiconductors holes and electrons are com- 
parably effective in producing additional current carriers. The holes and 
electrons which are produced by collision may themselves produce ad- 
ditional pairs, and so on, resulting in an avalanche. As the junction re- 
verse bias is increased, the space-charge layer widens, the maximum 
electric field increases, and the total rate of pair production increases. At 
particular value of reverse voltage, called the breakdown voltage, the 
multiplication of the minority current carriers becomes essentially in- 
finite. The current then increases very rapidly, being limited only by the 
external circuit resistance. 

In semiconductors the number of minority carriers which are multi- 
plied may be augmented and controlled by means of an emitter junction 
which is placed in close proximity to the reverse-biased, multiplying 
collector junction. The result, of course, is a simple n-p-n or p-n-p junc- 
tion transistor which, with proper design, may exhibit considerable multi- 
plication of the emitter current at voltages well below the breakdown 
voltage. The existence of this multiplication mechanism, which has been 
called avalanche multiplication, in reverse biased transistor collector 
junctions is of very great interest both from a transmission as well as 
from a switching point of view. So far as switching is concerned, it means 
(hat a simple junction device may have a current gain, or alpha, greater 
(han unity and in approriate circuits, be capable of exhibiting a nega- 
live resistance just as point-contact or hook-collector transistors do. Such 
u device may be used as the active element in pulse generator, regenera- 
live pulse amplifier, or counter circuits. The effect of this multiplicative 
process on transmission applications is also important. Large regions of 
(losignable negative resistance of moderate magnitude may be attained 
in two terminal circuits and used to reduce losses in transmission sys- 
toms, In general, the alteration in collector characteristics due to ava- 
lanche multiplication means that single stage amplifiers may be un- 
stable and/or may exhibit a high degree of distortion depending on the 
operating conditions, 
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Further discussion of the negative resistance characteristic will be 
presented later. Additional objectives of this paper are to indicate how 
an avalanche transistor can be characterized relative to its terminal be- 
havior and to present design information which will enable the design 
of avalanche transistors for specific applications. The discussion will 
be in terms of alloyed transistors; however, the ideas presented are ap- 
plicable to other structures. 

It should be pointed out here that many junctions break down at or 
near the surface at a voltage considerably below that expected from the 
bulk properties of the junction. In these cases the multiplication of the 
bulk junction never rises very much above unity before “surface break- 
down” occurs. Even though the surface breakdown also is frequently 
multiplying, only a small percentage of the emitter current is multiplied. 
The discussion in this paper is primarily applicable to transistors which 
exhibit “body breakdown.” 


THEORY 


The multiplication of reverse biased step junctions, such as those of 
transistors made by the alloy-diffusion method, closely follows the em- 
pirical expression (Ref. 3) 

1 


~ 1—(V/Vs)" 


where Vz is the junction body breakdown voltage and n is a parameter 
which varies with the resistivity and resistivity type of the material on 
the high resistivity side of the junction. In alloyed junction transistors 
this side is the base. Presumably the value of the parameter n varies 
also from semiconductor to semiconductor. For alloyed step junctions 
on p-type germanium, measured n values for different resistivities have 
ranged from 4.5 to 6.5. On n-type germanium n is approximately 3 
throughout the investigated range. The breakdown voltage, Vz, rises 
monotonically with the resistivity of the base layer. 

Equation (1) says that the alpha of a transistor has the form (neglect- 
ing space-charge-layer widening effects) 


(1) 


Soa 
1 — (V/Vz)" 


where ap is the value of the current gain at very low voltage, or, more accu 
rately, the fraction of the emitter current which is collected, neglecting 
multiplication. This equation implies a designable alpha greater than 
unity for junction transistors. From equation (2) the voltage, Vs, at 
which alpha becomes unity is given by 


Vs = Va V1 — a0. (3 


Thus Vy is completely determined by the body breakdown voltage 0 
the collector junction, the low-voltage alpha and the value of n for th 


a(V) = aM (V) = (2) 


XN 
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particular junction. With proper design Vg can be made only a small 
fraction of Vz. Obviously a device designed to take advantage of the 
multiplication effect should have as high an a as possible and as low a 
value of the parameter 7 as is available. The advantage clearly lies with 
the p-n-p as opposed to the n-p-n transistor in germanium. Another 
requirement is that the transistor technology be sufficiently advanced 
that the body breakdown of the collector junction can be observed. At 
present this means roughly that the breakdown voltage must be kept 
low, that is, below about 50 v. 

In linear applications which impose that « must remain below unity 
or that distortion be minimized, different requirements are necessary. 
For such applications high Vg is desired, which in turn calls for high base 
resistivity. Fulfilling this requirement, however, may necessitate a com- 
promise, since high base resistivity results in limited frequency cutoff at 
low voltages because of space-charge layer punch-through (Ref. 4). Base 
resistance considerations may likewise put an upper limit on permissible 
base resistivity. In such a case the use of n-p-n transistors seems advis- 
able (Ref. 5), and the operating voltage should remain always comfort- 
ably below Vz. 

In the circuit configuration of Fig. 1 the avalanche transistor behaves 
like a gas discharge device in several respects. Its characteristic includes 
i high resistance region and a low resistance region separated by a re- 
gion of negative resistance. The origins of the negative resistance in the 
(wo cases, however, exhibit distinctions which should be pointed out. 
In the gas discharge, negative resistance results after breakdown pri- 
marily from the increased cathode efficiency due to changes in the field 
configuration because of the space-charge effects of the carriers. In the 
solid state analogue, the charges already resident in the discharge region 
in the form of the ionized chemical impurities in the lattice outnumber 
(he carriers traversing the high field region by many orders of magnitude 
al reasonable current densities. Hence the field configuration is not sig- 
nificantly current-dependent. Furthermore, there is no cathodic regen- 
erative mechanism in the solid discharge (gamma process), and photo- 
regeneration in germanium is only ~10~-* efficient. Townsends’ 8 
mechanism has been demonstrated to be the dominant agency in main- 
(uining the discharge (Ref. 2, 3). Therefore, the avalanche breakdown 
in the solid generally does not inherently lead to negative resistances. 
‘There would, however, be the possibility of negative resistance at very 
high current densities. 

‘The negative resistances observable are the result of the fact that with 
avalanche transistors it is possible to look across the discharge in two 
different ways. One is directly across the avalanche multiplication region 
alone (from the base to the collector of a transistor) and the other is 
morose a source of minority carriers and the multiplication region in 
series (from emitter to collector with base floating). In the former case 
base-to-collector breakdown leading to near zero incremental resistance 


—qoours at that voltage at which the avalanche multiplication becomes 
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Fie. 1 Avalanche transistor negative resistance circuit. 


infinite. In the latter case, because of continuity of current requirements, . 


emitter-to-collector breakdown occurs at Vs, that voltage at which the 
multiplication times the a of the transistor becomes unity. Any circuit 
configuration which in effect goes from the former to the latter condition 
with increasing current will exhibit negative resistance. 

Curve (a) in Fig. 1 is the normal reverse characteristic of the collec- 
tor junction, as measured collector to base with emitter open, indicating 
the breakdown voltage, Vz. For a theoretical transistor this curve is 
determined by the equation 


1 
T= Mle = 


1 — (V/Vp)" 


Since the emitter is open circuited it does not contribute any minority 
carriers to the discharge. Curve (b) in Fig. 1 is the reverse characteristi¢ 
of the collector junction (as measured collector to emitter with base open), 
According to the equivalent circuit of the transistor the current is given by 
the equation 


(4) | 


MIco 
1- ayoM 


and it is seen that current increases, subject only to limitation by circuit 
resistance, when the collector voltage reaches Vy, the voltage corres 


Ic (5) 


XX 
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sponding to unity total alpha or %M = 1. Since the emitter current of 
alloyed junction transistors is primarily made up of minority carriers 
emitted into the base region, the emitter efficiency in this case can be 
said to be high. It is apparent that if the emitter efficiency could be 
made to vary with current, then it would be possible to obtain a nega- 
tive emitter-to-collector resistance. This is the purpose of the base re- 
sistor shown in Fig. 1. For low currents the impedance of the emitter 
junction is high, since the voltage-current characteristic is exponential 
in character, and most of the current flows through the base resistor. As 
the voltage is increased essentially curve (a) is traced out. Near the 
breakdown voltage the current increases, the emitter-to-base voltage 
increases in the forward direction, and the impedance of the emitter 
junction becomes smaller in comparison with the base resistance. This 
process results in increased emitter current. Thus the characteristic, 
curve (c), begins to depart from curve (a), and as a larger and larger 
fraction of the total current is transferred from the base circuit to the 
emitter circuit, curve (¢c) approaches curve (b) asymptotically. 


CHARACTERIZATION 


In view of the above description of the multiplication properties of 
transistor junctions, it is clear that the collector characteristics of all 
(ransistors, in which a surface breakdown does not intervene, will look 
like those shown in Figs. 2(a) and 2(b). In Fig. 2(a), the measured col- 
lector characteristics for a representative n-p-n transistor are shown. 
Vig. 2(b) gives the same information for a representative p-n-p unit. 
‘The horizontal dashed line in each case indicates the voltage Vg at which 
« becomes unity. This voltage is of course a function of the particular 
value of e for each transistor. Either of these transistor types would 
have somewhat more distortion as a common base amplifier than has 
hitherto been expected from transistor theory neglecting avalanche 
offects. 

As has already been emphasized, the p-n-p has a decided advantage 
for monostable, astable, or bistable switching applications. A suitable 
characterization for an avalanche transistor designed for switching use 
would certainly involve the body breakdown voltage of the collector, 
Vn, and the voltage at which the total « of the transistor is unity, Vg, 
which can be thought of as a sustain voltage. The breakdown voltage is 
function of the base layer resistivity, while the ratio of the sustain 
voltage to the breakdown voltage is a function of the low-voltage alpha 
of the transistor. Therefore, the ability to control these parameters in- 
volves only the ability to control base layer resistivity and a. These 
are problems which have already claimed considerable attention with 
good results in other transistor designs. 

Groups of such avalanche transistors have been made at Bell Tele- 
shone Laboratories, Figs. 3(a) and 3(b) give distributions of V» and 

« for groups of about 25 transistors made on 0.2 ohm-em and 0.5 
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Fic.2 Collector characteristics of alloyed junction transistors exhibiting avalanche multiplication; (a) n-p-n and (b) p-n-p. 


(a) 








Chapter 6: Switcuine Devices 427 


ohm-cem n-type material. In Figs. 4(a) and 4(b) are given the relations 
between Vg and a for the two groups. 

The spreads in Vz for both groups of transistors largely reflect slight 
deviations from the nominal resistivity. Although the germanium in 
both cases was zone levelled, it is estimated that there is a +5 per cent 
variation in resistivity for individual wafers. Undoubtedly some varia- 
tion is due to surface breakdowns very close to but below the body 
breakdown. The spread in Vg is, of course, partially the result of the 




















VOLTAGE 


"ia, 3 Distributions of Vg and Vg for avalanche transistors; (a) base resistivity 
= 0.2 Q-em, (b) base resistivity = 0.5 Q-cm. 


spread in Vz, insofar as the variation in Vz is the result of variation in 
(he bulk material. The remainder stems from the distribution of a values. 
No vigorous attempt was made to control a carefully or to hold rigid 
limits on base resistivity for these sample groups. 

rom (3) it can be seen that log Vs/Vg when plotted against log 
(1 — a) for transistors of different a should yield a straight line of slope 
1/n, Solid lines of slope 4% have been drawn in Fig. 4 along with dashed 
lines of slope %. The adherence to the n = 3 law is confirmed. 

Iquation (2) gives the total a of a transistor when multiplication is 
(aken into account. Values calculated from this equation are plotted in 
ig, 5 in comparison with values determined by ac a measurements and 
with « values obtained from the measured static collector characteris- 
(ion for a representative unit from the group having base layer resistivity 
of 0.2 ohm-cm. The agreement is good, It is quite general for the 
formula to give a slightly lower value of « than is observed in this type of 


‘experiment, The funetional form of the multiplication and especially the 
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value of the exponent were determined from an experiment which mini- 
mized effects on ¢ of changes in the base current flow pattern (Ref. 3). 
The experimental « as determined above would be expected to be higher 
than theoretical because when « goes above unity, the majority carrier 
flow from the collector to the base biases the emitter so that a» increases 
with increasing total a. This effect is the opposite of the effect in which 
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Fie. 4 Plot of Vs/Vse vs 1 —-a; (a) base resistivity = 0.2 Q-cm, (b) base 
resistivity = 0.5 Q-cm. 


a@ decreases with increasing large emitter current in ordinary junction 
transistor operation with a less than unity. 

The frequency characteristic of the multiplicative increase in a is of 
great interest. Theoretically the multiplication process should be ex- 
tremely fast. The response time of the multiplication should be com- 
parable with the transit time for carriers across the high field region in 
the reverse biased junction. This time would be a small fraction of a 
millimicrosecond in all practical junctions, Therefore, the frequency 
cutoff of the total alpha should not be measurably smaller than the fre« 
quency cutoff of the a, Actually the effect discussed above, which in- 
creases % With increasing total « (when above unity), and therefore, with 
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Fie. 5 Alpha vs collector voltage for an avalanche transistor. 
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Nia. 6 Frequency cutoff of alpha va collector voltage for an avalanche transistor, 
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increasing collector voltage, could have an even greater effect on the — 


frequency cutoff of %. Again it would be expected that the change 
would be in the direction of increasing fy. Fig. 6 gives measured fre- 
quency cutoffs of total a vs the collector voltage for the same representa- 
tive unit which was used for Fig. 5. The theoretical curve was calcu- 
lated (Ref. 5) from 
fy = 


Sno 


E = ( Vefno wa 
3.65 X 10713N7A 


where N7 is the density of impurity centers in the base region, and A is the 
constant of proportionality which relates frequency cutoff to base width 
in the expression foo = A/W?”. 


(6) 


This equation merely takes into account the variation of base width 


due to widening of the collector space-charge layer with increasing volt- 


age (Ref. 4,5). There is a sharp departure upwards from the theoretical — 


curve for the points corresponding to total « greater than one. This be- 
havior is in line with the above explanation. Again, the reverse effect 
is observed with increasing large emitter currents in junction transistors 
operated in the ordinary manner. Thus the frequency characteristics 


of the multiplied alpha are as good as, and can be better than, the fre- 


quency characteristics of %. This means that any device which utilizes 
the negative resistance inherent in the « greater than unity will be lim- 
ited in frequency only by the dispersion in transit time across the base, 

The temperature variation of both Vz and Vg is comparatively small. 
The breakdown voltage of n-p junctions increases slowly with increasing 
temperature at the rate of about 0.1 per cent per °C (Ref. 7). Aside from 
the change in Vz, Vg will be affected also by changes in 1 — a with 
temperature. In the case of p-n-p germanium transistors a drastic change 
of 1 — a by a factor of two with temperature would give only a 25 per 
cent change in Vg. Data given by Ebers and Miller (Ref. 5) show that 
such changes would require very large temperature changes. However, it 
should not be supposed that devices based on the avalanche principle 
would always be very insensitive to temperature. For example, in the 
circuit shown in Fig. 1, the mechanism which switches from the high 
breakdown voltage to the low breakdown voltage path may be highly 
temperature sensitive, unless remedial steps are taken, because the satu- 
ration current is intimately involved. 


DESIGN DATA 


The principal designable features of an avalanche transistor are the 
Vp and Vg values. From the discussion in the next section, it will be 
seen that some of the considerations in ordinary transistor design, like 
keeping the base resistance low, sometimes are no longer important. The 
control of Vy, as pointed out above, is simply a matter of controlling the 
base layer resistivity, Miller (Ref, 3) has given the breakdown voltage 


XN 
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as a function of the net density of impurity centers on the high resistivity 
side of a germanium step junction like those made by the alloy process. 
These data are given in Fig. 7. This illustration also contains plots of 
the resistivity of the high resistivity side vs the net density of impurity 
centers for n- and p-germanium material. These latter curves were re- 
drawn from data given by M. B. Prince (Ref. 8). They represent the best 
available information on this subject at this time. 
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Fic. 7 Resistivity and breakdown voltage vs net density of impurity centers. 


Vs is a function of Vz, 1 — a, and the pertinent parameter n. 7 is 
not completely independent of Vz since for a given type of transistor, 
n-p-n or p-n-p, both n and Vz are functions of the base layer resistivity. 
The experimental values of n for various base layer resistivities and 
resistivity types in germanium have been determined by Miller (Ref. 3) 
and are given in Table 1. 

TABLE 1 
High Resistivity Side 
of Step Junction 
n (ohm-cm) 
0.15 p type 
0.25 p type 
p type 
p type 
n type 
n type 
n type 
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It is important that the space-charge region of the collector not punch 
through the base layer below the breakdown voltage if the full interval 
between Vy» and Vy is to be utilized, This requirement effectively puts 
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an upper limit on the frequency cutoff for each base resistivity value, 
since the base width must be at least as wide as the space-charge region 
at the breakdown voltage. Fig. 8 gives the maximum frequency cutoff 
vs the resistivity of the base region for p-n-p germanium avalanche 
transistors. 

It is conceivable that if base layer width could be controlled very ac- 
curately, this punch-through phenomenon could be used to determine 
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Fic. 8 Maximum low-voltage frequency cutoff of alpha vs resistivity of base 
region for alloyed junction p-n-p transistors. 


the peak of the negative resistance curve shown in Fig. 1 instead of rely- 
ing on uniformly well etched junctions to show exactly the same break- 
down voltage. 


APPLICATIONS 


In the region of collector voltage for which the alpha of an avalanche 
transistor is greater than unity, its terminal characteristics are quite 
similar to those of a point-contact transistor or a hook-collector transis- 
tor (Ref. 9, 10, 11). Hence most of the switching circuits designed for 
point-contact transistors could also use avalanche transistors. To pro- 
vide a large voltage swing in such circuits the breakdown voltage of the 
collector junction should correspond to body breakdown and a should be 
as large as possible in order to give a low value of the sustaining voltage, 
Vy. This latter requirement also leads to a low power dissipation when 
the transistor switch is in the on (closed) condition. 

One of the most serious limitations on the usefulness of hook-collector 
transistors is switching speed. Since the multiplication phenomenon 
involves the emission of minority carriers by the hook junction and the 
transport of these carriers across the hook region, a dispersion in transit 
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time exists which results in a low alpha cutoff frequency for the device. 
In fact, the effective cutoff frequency may be an order of magnitude less 
than the cutoff frequency which would be calculated on the basis of the 
transport of the minority carriers across the base layer. As has already 
been pointed out, avalanche transistors exhibit alpha cutoff frequencies 
indistinguishable from those of non-multiplying devices. Frequency cut- 
offs of alpha in the range of 5 to 10 mc are easily obtainable, even in 
p-n-p avalanche transistors, since the resistivity of the base layer can 
be quite low and hence punch-through is inhibited for the necessarily 
thin base layers. Since the initial rate of change of current or voltage in 
pulse circuits is proportional to both alpha and alpha cutoff frequency, 
the rise times obtainable with avalanche transistors easily fall in the 
tenth microsecond range. 

Another limitation on the switching speed of point-contact or hook- 
collector transistors results from the storage of minority carriers. This 
phenomenon manifests itself when one attempts to open the transistor 
switch after it has been driven into the current saturation region. In 
bistable type circuits using avalanche transistors the minimum collector 
voltage is automatically limited to the sustaining voltage, Vs, and the 
transistor never goes into the current saturation region. The collector 
junction never becomes forward biased, and there is none of the usual 
storage of minority carriers (Ref. 12). 

One of the most interesting applications of avalanche transistors is as 
4, two-terminal, negative impedance element. Such a circuit has many 
applications in both switching and transmission. The circuit analysis of 
this application will be presented since it exemplifies the usefulness of 
(he large-signal junction transistor theory and since the negative resist- 
ance characteristic that is obtained is typical of that for avalanche 
transistors. 

The circuit to be discussed is shown in Fig. 1. An equivalent circuit, 
based on the work of Ebers and Moll (Ref. 13), is also shown in Fig. 1. 
The quantities ayo and ao are the low voltage normal and inverse alphas. 
The voltage , is the voltage across the emitter junction. It is assumed 
that the base resistance is included in R. It is apparent that 


I = ayoMI. + MIco. (7) 


If (1) and (7) are combined the following equation can be obtained 


I I, 
V = Vez ny — oo : (8) 


if it is assumed that the applied voltage, V, is large compared to ®,.. In 
order to plot a voltage-current characteristic it is necessary to have a rela- 
tionship between J, and J, From the equivalent circuit 


®, 
lu — Ti 9 
RY (9) 
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Since 
kT. I-+ (1 — eno)’ co 
® = —In et (10) 
q I eO 


where the quantity I’. is the reverse current of the emitter junction with 
the collector shorted to the base, it follows that 


kT I,+(1— eyo)!’ 
fag pe ee, (11) 
qk T'eo 
Equations (8) and (11) completely determine the negative resistance char- 
acteristic of the circuit of Fig. 1. A measured curve for a particular tran- 
sistor in this circuit is shown in Fig. 9. 
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Fie. 9 Measured avalanche transistor negative resistance characteristic. 


In some applications the slope of the negative resistance characteristic is 
of primary importance. It can be shown that 


1 wet 
av i ee at 
a ee Aa ae nee (12) 
dI Wd Poe 
- dl,\ /V; 
dV V j 0] 
ee oon lh A ae 13 
dl ni | ( axe =) € (18) 


For values of 2 in the vicinity of 5000 ohms and /, greater than a milli- 
ampere, 


Ni 
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dl, 1 
— =—__ ~1, (14) 
dl i kT 1 

gk I, 


This relationship, in itself, is of very little utility since V and J are related 
in a complicated manner as can be seen by examining (8) and (11). 
However, if a plot of the negative resistance characteristic is available, 
this equation provides a theoretical check on the negative resistance at a 
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Fig. 10 Two-terminal avalanche device characteristic. 


given operating point. For example, consider the negative resistance 
characteristic shown in Fig. 9. The transistor used in obtaining these 
data had the following characteristics: Vz = 36 and (1 — a) = 0.047. 
l'rom the curve, for an operating point of 16 v and 6 ma, the measured 
negative resistance is 450 ohms. Substitution of appropriate values in 
equation (15) yields a negative resistance of 400 ohms. In every case 
that has been investigated a similar discrepancy has been found to exist. 
The higher value of negative resistance is attributed to an increase in a 
(lue to the focusing effect of the voltage drop in the base layer. Actually 
what happens is that the center of the emitter, under these conditions 
of operation, becomes more forward biased than the outer edge, thus 
improving the transport efficiency since there is proportionately less sur- 
face recombination, 

In some applications it would be very convenient if the type of nega- 
tive resistance characteristic deseribed above could be obtained without 
resorting to external circuit elements; in other words, if a true two termi- 
nal negative resistance could be obtained, As was explained above, the 
purpose of the external resistance in Fig, 1 is effectively to switch the 
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current from the base collector loop to the emitter collector loop. Another 
way of interpreting the effect of the resistor is to say that it changes the 
effective alpha of the transistor by causing a higher percentage of the 
total current to be injected minority carrier current. A p-n-p (or n-p-n) 
structure designed in such a way that the alpha increases with emitter 
current would yield the same result. Such a device is shown in Fig. 10 
along with the negative resistance characteristic obtained between emitter 


SLOPE = Ry 
(Ra>>R,) 


VOLTAGE, Ve —> 





CURRENT, IE —> 


Fic. 11 Emitter negative resistance characteristic of the avalanche transistor, 


and collector. It is observed that the structure is not significantly dif- 
ferent from a nonsymmetrical alloyed junction transistor in which the 
roles of the emitter and collector have been interchanged. For low values 
of current the alpha of the transistor is low and the peak voltage at- 
tained may be as much as 95 per cent of the breakdown voltage. As the 
current increases, a voltage drop occurs in the base layer. This drop 
biases the outside of the emitter less forward than the center, and the 
alpha increases, resulting in a negative resistance. 

It is worthwhile, in passing, to make a few statements concerning the 
type of negative resistance obtained in the circuit of Fig. 11. Such cir« 
cuits, using point-contact transistors, have been amply discussed by. 
Anderson (Ref. 9). Therefore this circuit will be discussed with the ob-« 
jective of pointing out the differences in the behavior when avalanch 
transistors are used. The general features of the negative resistane 
characteristic are also shown in Fig. 11, First of all the peak point is 
depressed below the origin an amount equal to the emitter floating Po 
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tential plus the MIcoRz drop in the external base resistance (neglecting 
internal base resistance). The initial slope of the negative resistance 
characteristic is governed by the collector supply voltage and how nearly 
it approaches the breakdown voltage, Vz. Since the magnitude of the 
negative resistance characteristic is given approximately by (1 — «)Ra, 
it is apparent that the negative resistance approaches zero as the collector 
voltage approaches the sustaining voltage, Vy. 


CONCLUSIONS 


A new device has been described which is similar in some respects 
to point-contact transistors and hook-collector transistors. Avalanche 
transistors should prove to be very useful in both switching and trans- 
mission applications. 

As has been shown, the behavior of avalanche transistors is quite well 
understood. In addition the terminal characteristics are sufficiently well 
related to the structure of the device to enable the design of devices to 
meet the needs of specific applications. It is believed that the presence 
of avalanche multiplication in transistor junctions may open up a whole 
new class of devices which can perform circuit functions not previously 
feasible with any single device (Ref. 14). 
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6B. p-n-p-n TRANSISTOR SWITCHES * 


J. L. MOLL, M. TANENBAUM, J. M. GOLDEY, 
AND N. HOLONYAK 


The design, fabrication, and electrical characteristics of silicon p-n-p-n — 


transistors with a > 1 for use as switches is discussed. The increase of 
alpha with injection level can be used to construct two terminal p-n-p-n 
switches. The high impedance characteristic has an impedance deter- 
mined chiefly by the capacitance of the junctions. This capacitance is of 
the order of tens of micromicarofarads. The low impedance portion of 
the switching characteristics has a slope resistance of a few ohms and a 
total voltage drop of approximately one volt. Methods of fabrication 
include suitable combinations of solid diffusion and alloying. Possible 
applications of p-n-p-n switches include function- generators, photorelay 
and talking path switches. 


INTRODUCTION 


Devices capable of exhibiting differential negative resistance have 


long held an important place in the electronic technology. The differ- 
ential negative resistance as such is useful in many applications, but at 
least as important are the two stable de steady states of operation which 
are implied by the ac negative resistance. 

In principle a combination of amplifying elements such as vacuum 
tubes or transistors can be connected in suitable circuit arrangement to 
result in bistable operation. For many specialized applications, how- 
ever, it is desirable to synthesize the negative resistance function in @ 
single device rather than to synthesize it from several devices and a rela- 
tively more complicated circuit. 

The physical mechanisms which have produced negative resistances 
have in common an internal multiplication process which is a function of 
applied current and voltage. In the gaseous discharge, this process is the 
ionization of atoms by impact from electrons. At small current densities 
the ionization process increases in efficiency with increasing current, 
This results in a decrease in the total voltage as the current increases— 
hence a differential negative resistance [see Fig. 1(a) ]. 

The avalanche transistor (Ref. 1) is another example of negative re- 
sistance. In this case the multiplication process itself is a function only 
of applied voltage, but the relative number of minority carriers available 


* Originally published in Proc. IRE, Vol. 44, Sept. 1956. 

The authors are pleased to acknowledge the aid of many of their associates who 
helped in carrying out the work reported in this paper. Particular thanks are due 
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stants and solubilities of impurities in silicon, C, J, Frosch alao made notable cone 
tributions to the diffusion technique, 
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for the multiplication process is a function of current. The dependence 
of the number of minority carriers on current can be tailored by an ex- 
ternal resistor connected between emitter and base [see Fig. 1(b)]. In 
this connection, the current to the emitter is shunted by the resistor at 
low currents but, because of the nonlinearity of the emitter impedance, 
is not effectively shunted at high currents—hence the effective ionization 
or multiplication is increased with increasing current. Any transistor 
with « > 1 can be connected in a suitable circuit to result in a differential 
(le negative resistance (Ref. 2). The avalanche transistor, point-contac* 


— [eae 
(a) (b) 


"ia. 1 (a) Gas tube negative resistance. Typical V-J characteristic of a hollow 
cathode gas-filled diode. Features of interest are the high impedance 
in the off state, the ratio of breakdown to sustain voltage (about 2:1), 
and the negative resistance in the conducting state. (b) Avalanche 
transistor characteristic. The schematic on the left indicates how the 
characteristic on the right may be obtained. 


transistors, filamentary transistors, and p-n-p-n “hook collector” type 
junction transistors (Ref. 3) can all be designed to have «> 1 and 
hence can be used as bistable elements or, in the general sense, as switches. 

It is the purpose of this paper to discuss the design and performance 
of p-n-p-n transistors with a > 1 as switching, or two-state, devices. 
Properly designed, the p-n-p-n transistor switch is a particularly simple 
circuit element for it is a two-terminal element or diode. 


MODE OF OPERATION 


lig. 2 shows the general type of V-J characteristic obtainable from the 
pen-pen transistor, if properly designed. This type of characteristic can 
be obtained under the following conditions. Let a voltage V be placed 
across the terminals of a p-n-p-n structure as in Fig. 3. ‘The junctions 
J, and Jy will be called the emitter junctions and J» will be called the 
collector junction, 

If V is positive as shown in Fig, 8, the collector junction Jy becomes 
reverse biased, and the emitters J; and Jy become slightly forward biased, 
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Fig. 2 The V-I characteristic of the p-n-p-n transistor. The four regions 
primary interest are I, the off impedance; II, the region of small negati 
resistance; III, the region of large negative resistance; and IV, the o 
resistance. 


A forward current J flows through J; and Js and of course equal curren! 
crosses J». Now for J2 reverse biased, the current at J. will be 


I= IMpoNn + IMno2n + Teo (1 


where a y is the fraction of the current at J,, which is collected at Jo 
minority carrier current, and ay is the fraction of the current at J3 whi¢ 





Fig. 3 Schematic of the p-n-p-n transistor. The end regions, as indicated b 
the subscripts, are emitters while the center regions act dually as 
and collector. The center junction, J», is the collector, and both outsi 
junctions, J; and Js, are emitters when voltage is applied as shown. 


is collected at Jo. The avalanche multiplication factors for holes and el 
trons are given by M, and M,, respectively (Ref. 4). J.o is the curren 
that would flow through J» if Jz were reverse biased, and isolated, i.e., 
an and agn were zero. 


From (1), a Lo 
I a o o 
l= Myain ~ Myogn lar 


—s | ( ' 


Chapter 6: Switcuinc Devices 441 


For purposes of discussion, let Mpaiw + Mnaegn be called az, the total 
alpha. The high impedance portion or “off state’? of the V-Z curve in 
lig. 2 (i.e., region I) arises if the low current low voltage alpha satisfies the 
relation 

ain + aan <1. (3) 


At voltages appreciably less than Vz, the breakdown voltage of the 
center junction, the multiplication factors are essentially unity. In this 
case the current that flows is of the order of magnitude of I¢. 

If, however, 


an + ay 21, (4) 


then relation (2) is invalid and the current that flows is limited essentially 
by the external circuit. The total current at the collector is equal to the 
(otal current at each of the emitters. A total current J crosses’ each 
emitter and a current of «#,yJ holes and a yJ electrons reach the collector. 
If (4) is satisfied, the current at the collector is greater than J. To 
maintain the circuit condition that the total current at the collector is 
equal to J, the collector must become forward biased so as to emit elec- 
(rons and holes back into the base layers. Hence (4) implies a low 
linpedance or “on state” characteristic (region IV). 

The transistor requirement for obtaining the V-J characteristic of Fig. 
2 is that 


ain tan <1 I< 
an + an 2 1 I, <I 


(5) 


where the ay and %y are the alphas at voltages low enough so that the 
inultiplieation factors are unity. Changes of « with current density are 
well known to transistor technology, even though they are not well 
understood, and it has been possible to design and construct p-n-p-n 
alructures which satisfy the condition of (5). In Fig. 2, when V reaches 
Vy, the total alpha has reached unity by virtue of collector junction 
avalanche multiplication, and the current begins to increase (region II). 
This is a region of slight negative resistance where the total low voltage 
alpha is nearly unity due to increased current flow and the amount of 
avalanche multiplication required to keep the total high voltage alpha 
il unity decreases as current increases. As the current approaches 1, 
(he total low voltage alpha becomes essentially unity and a region of very 
high negative resistance (region III) is traversed. The high negative 
resistance persists until the collector junction Jz begins to be forward 
hinsed and a new set of conditions apply. For currents greater than J, 
the total low voltage a is greater than unity, and a small positive resist- 
ance (region IV) is obtained, 
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DESIGN PARAMETERS 


From the standpoint of utility, the device parameters of greatest in- 
terest include 


Ig = breakover current, 

R-off = slope of section I, high impedance characteristic, 
Vo = breakover voltage, 

C-off = capacitance of orF device, 
V, = voltage drop in oN region, 

R-on = slope of region IV, low impedance characteristic, 
J, = turn-on current, 


Factors affecting speed. 


Ig AND R-orr. Most of these device parameters can be calculated from 
the device geometry or are insignificant in their effect on circuit opera 
tion. Those which can be made insignificant in their effect on circui 
operation will be discussed first. This classification includes Io, R-off. 
The slope resistance R-off can be made as high as 10° or 10!° ohms in 
properly cleaned silicon junction at 300°K. This resistance is so hig 
that in usual circumstances it can be neglected in its effect. The break 
over current I is easily much less than a microampere at room tempera 
ture and can be in the range of 10-8 amp. Of course, as temperatu 
is increased, Jp increases and R-off will tend to decrease, but both param 
eters remain negligible up to about 100°C. 

The parameters calculable from device geometry include Vo, break 
over voltage; C-off, capacitance of the device in the orF (region I) range 
R-on, slope of on region; V;, voltage drop in the on region. 


BreAKover Voutace. The breakover voltage is the voltage where th 
product of the junction avalanche multiplication and the low-volta 
alphas is unity. That is, 


Mpan + Mnogn = 1 (6 
where M, is the multiplication for holes and WM, is the multiplication f 
electrons. In general, M, and M, are different, but to see the qualitati 
effect of multiplication on breakover voltage Vo, we will assume that th 
are equal and characterized, as in germanium (Ref. 4) by 
1 

V n 
=a) 

Vp 
where n is a parameter which is a function of breakdown voltage, Vz, a 
in the range of 2 or 8 (Ref. 5) for silicon in the range of 15 < Vz < 150 
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Then, at V = Vo, from (6) and (7) 
1 1 
AS (8) 
—_ (=) an + aon 
Vp 
or V 
— = (1 — an — apy)". (9) 
Vp 


If the low current alphas (I < 10—® amp) are of the order of 0.1 to 0.2, 
then for n = 2, or 3, Vo is substantially V, the breakdown voltage of the 
isolated collector junction Jy. If the multiplication for one type of car- 
rier is much greater than the other type, then the alpha associated with 
(his carrier is most significant in determining Vo/Vz. 


Orr-CaPAcITANCE. The off-capacitance is the series combination of 
the transition region capacitance of the three junctions Ji, J2, and J3. 
These transition region capacitances are functions of the impurity grad- 
ients at the junction, the applied voltage, and area. The total capaci- 
(ance is a maximum at zero applied volts. The calculation of this 
capacitance has been adequately considered elsewhere and will not be 
considered in detail here (Ref. 6). 


V-on, R-on. In the appendix the V-J characteristic of the two-termi- 
nal p-n-p-n is derived. In this derivation it is assumed that the multi- 
plication factors are unity and the result is therefore valid only at 
voltages much less than Vo, the breakover voltage. The effects of multi- 
plication can be included by multiplying the alphas by the appropriate 
factor. However, this formulation is intended to calculate the sustain 
voltage Vg, where the multiplication factors are unity. At low voltages 
the V-I characteristic of the two terminal p-n-p-n is given by 


f5- Che 
Vieni 


1 (TA; + Is1)(IA3 + Iss) 
B  Ie1Ie3 


(Ag + Is2) 


(10) 
where B = q/kT. 

141, Is2, Is3 = saturation current of J;, Jo, J3, respectively with the 
other two junctions shorted. 


1+ aragn — a2na2r — a7 
oe ee ee ae 


A,= (11) 
1 — agnagr — aynayy 
+ an — 1 
hig nas taoibmsae tessa) (12) 
1 = agnagr — anor 
1 Aa in 
a + aaron = ONO — Oy (13) 


1 = agnagr ~ anos 
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where a,y = the alpha with junction J; emitting, J2 collecting, 
an = the alpha with junction J3 emitting, J2 collecting, 
a1; = the alpha when J, is collecting, J, emitting, 


a2; = the alpha when J3 is collecting, Jz emitting. 


Note that 
ayy + agz7 S1 (14) 


since the total collected minority current cannot be more than the tot 
emitted current. 
Also, when 
an + an <1, 


(15 
This requires that 





A, and A3 are positive and Ag is negative. 
Ie2 i I.2(1 — agnegr — aN) 
| Ao| 


This is in agreement with the earlier result that under the conditions p 
scribed J is of the order of a saturation current. 
If 


(1 


l= a2N — Oey 


an + an > 1, 


(17 


all of the A’s are positive and J can increase without limit at a finite vol! 
age. Furthermore, if the A’s are substantially different from zero, 
greater than 10~?, and J is much larger than the saturation current we 
write 

















1 Igol 
eee ese ee (1 
B Tg,Ig3(1 — AN — a2) 


or in other words, the voltage across the three junctions and two centé 
regions is essentially that of a single forward biased diode. In practi 
p-n-p-n switches, A, and A3 are always of the order of magnitude of unit; 
and A» changes its sign at J = Z,. Hence there is a small range of cur 
where Ag is very nearly zero and can make a large contribution to the v 
age (18). However, it is unlikely that A» remains close to zero over a Wi 
range of currents. The formulation leading to (18) neglects the resistan 
of the two end emitter regions. The total voltage drop across the device 


V a + Rol ad 
where Ry is the ohmic series resistance of the end regions, and 
Ig1153 
I* = —— (1 — aw — ogy). ( 
Iso 


The contribution of the logarithm in (19) should result in 0.6 to 0.8 
so if Ro is made of the order of 10~* or less ohm (as can be done wi 
diffused or alloyed contacts) the voltage drop at large fractions 
amperes can be as low as one volt, 
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TuRN-oN CurRENT. The parameters least amenable to calculation 
are I,, the turn-on current, and the factors affecting speed of response. 
The turn-on current is determined by the current density at which the 
sum of the low voltage alphas reach unity. Thus, the current J; is a 
function of the device area, layer widths, initial lifetime, and the way 
carrier lifetime changes with injected current density. The recombina- 
tion mechanism is not well enough understood to subject the turn-on 
(urrent to exact analysis, but it can be empirically controlled. 


SwitcHinG SPEED. As to the possible switching speed, this is somewhat 
related to the turn-on current J;. If the static current reaches J;, the 
device turns on at a rate limited only by the external circuit parameters. 
Hlowever, if the device is turned on with a fast pulse, capacitive current 
flows which can affect the low voltage alpha and the device may turn on 
ata voltage less than Vo. Also, turn-off, which is attained by reducing 
the total current to less than J,, requires a finite amount of time during 
Which the excess carrier densities are decreasing. When the carrier 
(lensity in the two floating base layers reaches a value corresponding to 
« < 1 the device is turned off. The relations between turn-on and turn- 
off times and the circuit conditions make it difficult to specify these times 
in & simple way. However, using a series resistance and parallel capaci- 
tance in analogy to the gas tube circuit, a saw-tooth oscillator was con- 
alructed which operated with a repetition rate of 2 mc. This indicates 
switching time of the order of a microsecond or less in the actual devices. 


!XPERIMENTAL 


Silicon p-n-p-n structures have been made which display the electrical 
tharacteristics shown in Fig. 2. The structures were produced by a com- 
ination of diffusion and alloying techniques. Three somewhat different 
tlenigns will be described here which illustrate some of the major points 
of design flexibility and help verify the design theory of the preceding 
mootion. 

The structures are shown schematically in Fig. 4, which shows also the 
ianner in which the doping impurities are distributed in each structure. 
Miructure A shown in Fig. 4(a) is produced by diffusing two impurities 
which produce opposite conductivity types in silicon into one surface 
of an n-type wafer. The fourth region is produced by alloying a p-type 
impurity into the diffused n layer. Structure B shown in Fig. 4(b) is 


produced by diffusing an n-type impurity into both surfaces of a p-type 
silicon wafer. The fourth region is again produced by alloying a p-type 
purity into one of the diffused n layers. Structure C [Fig. 4(c)] is 


produced by diffusing an n-type impurity into both surfaces, lapping off 
the back surface and alloying a p-type impurity into the n layer and an 


telype impurity into the p layer. 


The diffusion and alloying techniques have been described in an earlier 


paper (Ref. 7), The diffusant impurities employed in structure A were 
Aluminum and antimony, The diffusions were performed in quarts tubes 
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at 1250°C from the vapor phase of the impurity elements. The p-type 
impurity used for alloying to form the outer p layer was metallic alumi 
num. The aluminum was vaporized in vacuum onto the surface of the 
diffused wafer. The thickness of the vaporized film and the subsequent 
conditions of alloying were controlled so as to alloy into but not through 
the diffused n layer. The diffusant in structure B was antimony. The 
p-type alloying agent in this case was also vaporized aluminum. The 
diffusant in structure C was also antimony: aluminum and gold-anti 
mony alloy formed the vaporized contacts. 


--P (ALLOY) --P (ALLOY) 


[rene 
P (PARENT) 


(a) (b) (ye 


Fic. 4 Physical structure of p-n-p-n transistors. Structure a is obtained by | 
double diffusion of donors and acceptors into an n-type crystal to produe 
an n-p-n. The fourth region results from alloying an acceptor elemel 
into the diffused n layer. Structure b is obtained by diffusion of dono} 
into both sides of a p-type wafer. The fourth region is obtained by alloyin 
an acceptor element into one of the diffused n layers. Structure ¢ 
similar to b except that one of the 7 layers is removed and both emitte 
are produced by alloying. 
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For the purposes of discussion the two outer layers of the p-n-p-n & 
shown in Fig. 4 will be referred to as Pz and Ny. The two inner layel 
will be called Nz and Pz so that reading from top to bottom the structur 
is Py-Nz-Pz-Ng. It is evident from the figure that the Pz and Nz layer 
of the three structures are identical. In structure A, the Pz layer is 
relatively heavily doped diffused layer and the Ng layer is the relativel 
lightly doped n-type original wafer. In structures B and C, the Pz, layé 
is the original crystal. In structure B the Nz layer is a heavily dopet 
diffused layer, and in structure C it is the alloyed gold-antimony contact 
In all of the structures the Py-N x junction is a step junction on the mo 
heavily doped Py side and graded with an error-function-complemen’ 
type of impurity distribution on the Nz side. In structure C the P,-N, 
junction is a step, while all other junctions in all of the structures a 
graded on both sides as can be seen from Fig. 4. 


ELECTRICAL CHARACTERISTICS 


Fig. 5 shows the measured current-voltage characteristic of a typie 
unit with the structure shown in Fig, 4(a) at 25°C and at 165°C, Fig, 
shows similar characteristics of a typical unit with the structure of Fig 
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CURRENT IN AMPERES 
V-I characteristic of a silicon p-n-p-n transistor of the structure shown 
in Fig. 4(a) at room temperature and 165°C. 
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4(b) or 4(c) at 22°C and 102°C. All of the devices showed switching 
wetion in the two-terminal connection. In the Introduction it was pointed 
oul that this type of behavior requires an internal dependence of alpha on 
emitter current in at least one of the composite transistor structures 
Which make up the p-n-p-n. By a slight modification of the fabrication 
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Vio, 6 Vel characteristic of a silicon pen-p-n transistor of the structure shown 


in Fig. 4(b) at 22°C and 102°C, 
























448 PRINCIPLES OF TRANSISTOR DESIGN 


procedure, it is possible to study the alpha variation in at least one of th 
two pertinent structures. 

If in structure A, for example, enough aluminum is used, it is possible 
to alloy through the Nz layer and thus make contact to the Ps layer. 
The resulting structure is the diffused emitter and base silicon tran 
sistor (Ref. 7). Now if the Nz layer is used as the collector and the N 
layer as the emitter, it is possible to observe independently one of th 
alphas which determines the behavior of the p-n-p-n. Fig. 7 is a pl 
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Fie. 7 Alpha as a function of emitter current in silicon diffused transistors. 
solid circles are the a of a double diffused n-p-n as shown in Fig. 4(a) wi 
the n (diffused) layer emitting into the p (diffused) layer. The open ci 
show the @ of this transistor with the n (parent) layer emitting into 
p (diffused) layer. The X’s show the alpha of a diffused base allo 
emitter p-n-p as found in the structure in Fig. 4(b) and 4(c). 


of the alpha of this transistor as a function of emitter current. Th 
measurements were made at a collector voltage of 2 v since the break 
down voltage between the aluminum alloy contact and the n layer o¢ 
curred at about 4 v. It can be seen that alpha decreases rapidly at lo 
emitter currents in just the manner required for the two-terminal opera 
tion of a p-n-p-n switch. The exact cause of this variation of alpha wi 
emitter current has not been completely established. However, the varia 
tion has been observed in all silicon n-p-n diffused emitter and base tran 
sistors (Ref. 7). A similar variation of alpha has also been observed 
silicon p-n-p transistors where the base layer was produced by diffusi 
and the emitter region was produced by alloying aluminum into the di 
fused base, This is also shown in Fig, 7. The observed variation cou 
be caused by a recombination center in the base layer which is effecti 
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at low emitter currents but becomes saturated and relatively inactive 
at high injection levels (Ref. 8). This would lead to an effective increase 
in lifetime and thus an increase in alpha. It has been observed that a 
strong de light will produce a considerable increase in alpha in these 
transistors at low emitter currents but has relatively little effect at large 
emitter currents. In addition, an increase in temperature will increase 
the alpha at low emitter currents but not produce an appreciable effect 
at large currents. Both of these observations are consistent with the 
proposal of a saturable recombination center (Ref. 9). 

In all cases, the room temperature saturation current was masked by 
leakage current, and the slope resistance of the orF characteristic was 


: Ee ete NW, Ie a 4 
aot de deel tpen 
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BIAS IN VOLTS 
Via, 8 Capacitance as a function of voltage of a silicon p-n-p-n transistor of the 
structure of 4(b). 
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of the order of 108 or 10® ohms in properly cleaned and dried junctions. 
At elevated temperatures the orF resistance is appreciably lowered. It 
Was mentioned above that the alpha of the composite transistor struc- 
(ures at low emitter currents is observed to increase with increasing 
temperature. This would be reflected in an increase in current through 
(he unit as shown by (2). This increase is noticeable at temperatures as 
low as 100°C where the saturation current of the Nz-Ps junction, if it 
were isolated, should not have shown a measurable increase. The other 
jarameter of importance in region I, the capacitance, is shown in Fig. 8 
io a function of bias voltage. The unit is the one whose static character- 
latic is shown in Fig. 6. Note the agreement with theory in that the 
opacity falls off rapidly as bias of either polarity is applied. In addition, 
\t in to be noted that the capacity at zero bias is 43 p»uf whereas the 
oloulated value for the individual junctions themselves is 75 puf in this 
OAMO, 

The breakover voltage of the units is significantly different. In unit 
A, the reverse biased Ny-Py junction ia a junction between two rather 
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heavily doped diffused layers. Thus, the breakover voltage of units wit 
structure A will be independent of the original wafer resistivity as lon 
as the wafer resistivity is high compared with that of the Pz, layer. I 
units of structure B or C, however, the reverse biased junction is th 
junction between the diffused Nz layer and the Py, layer which is th 
original wafer. Thus the breakover voltage here is dependent on the re 
sistivity of the original wafer, but can, of course, be controlled by th 
diffusion process (Ref. 10). 

The measured breakover voltages for units with structure A are in th 
range of 25 to 35 v when aluminum and antimony are used as diffusan 
and for units with structure B and C in the range of 25 to 100 v, depen 
ing on the resistivity of the silicon from which the units were constructe 
In each case the breakover voltage was approximately equal to th 
avalanche breakdown voltage of the Pz-N, junction at room temperatu 
and decreases somewhat as temperature is increased. The avalanc 
breakdown voltage increases with temperature, but so do the low cur 
rent alphas. Eq. (9) shows that as the low current alphas increase, t 
ratio Vo/Vg decreases. The fact that the breakover voltage decrea 
with temperature indicates that the alpha change is the dominant te 
perature effect. 

After the Pz-N3 junction breakdown, the p-n-p-n displays a range 
small negative resistance (region II). However, at current J; (a 
sensibly voltage Vo) the negative resistance becomes very large (regi 
III) and the unit switches to the on state. The range of small negatiy 
resistance (region II) extends from approximately 10-7 amp to a 
proximately 10-8 amp. The upper limit is essentially the turn-on ¢ 
rent J;, and increases with the area of the device and the thickness of t 
base layers. The turn-on current also decreases as the lifetime of min 
ity carriers in the base material increases. 

It is difficult to determine if the observed values of negative resista 
are consistent with the proposed model. The exact dependence of t 
current multiplication on voltage is not known in silicon. In addition 
exact variation of alpha with current in the two composite transis 
structures which form the p-n-p-n is not known. However, the fact th 
the switching action (region III) begins at a current near one milliamp 
coupled with the fact that in Fig. 7 the alpha of one of the compos 
transistors reaches a value near its maximum at approximately the sa 
current would appear to substantiate the proposed model. 

It can be seen from Figs. 5 and 6 that the turn-on current decrea 
with increasing temperature. This is in agreement with the earlier sta 
ment that the low current alpha of the composite transistor structu 
shows a marked increase in alpha at constant emitter current with 
increase in temperature. 

In the section on Mode of Operation it was shown that the sust 
voltage depends on the values of the composite alphas in the on con 
tion but that its likely variation would be between 0.6 and 0.8 vy, 
observed values are within this range, 
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Another parameter of major importance is the on resistance. Here 
again there is a large difference between the structures. It was pointed 
out in the same section that this parameter is determined by the series 
resistance in the outer layers, i.e., Pg and Ng in the terminology of this 
section. The Py layer is identical in all three structures. However, in 
structure A the Ng layer is the lightly doped original wafer while in 
structure B it is the heavily doped diffused n layer. In structure C the 
Ny» layer is the alloyed Au-Sb contact. Thus the on resistance of struc- 
(ures B and C would be expected to be appreciably less than that of A. 
This is observed and the on resistance of unit A is 50 ohms while that of 
units B or C is in the range of 1 to 3 ohms. 


COMPARISON OF DESIGNS 


The characteristics of the p-n-p-n switch that are calculable agree 
with the theoretical values. Structures B and C are very nearly identical 
in their properties with the exception that structure C has slightly lower 
ovr capacitance. The on resistance of structures B and C are much less 
(han that of structure A—however, much thinner wafers of silicon must 
be used in the fabrication of B and C as compared to structure A. The 
ON resistance is a very important factor in determining the current- 
handling capability of the switch and should be made as low as possible 
in high current applications. 

A very high speed switch requires thin base layers and low carrier 
lifetime. Structure A is most adaptable to fabrication with very thin 
base layers since the silicon wafer can be many times thicker than the 
base layers. Structures B and C are most adaptable to fabrication with 
very low on resistance. Clearly, the importance of any particular device 
parameter will dictate to some extent the method of fabrication. The 
(three structures described do not, of course, exhaust the possible schemes 
of fabricating suitable p-n-p-n structures. 


APPLICATIONS 


In many respects the V-I characteristic of the p-n-p-n is similar to the 
(wo-terminal gas tube, and a great many applications include precisely 
those things for which gas tubes are presently employed. In addition the 
jen-p-n semiconductor device has characteristics peculiar to itself which 
suggest new applications. Some of the applications are listed below. 


TALKING Paro SwitcH. The characteristics of a gas tube talking path 


switch have been described (Ref. 11), but the p-n-p-n offers an alternate 
possibility, 


‘T’uyratron. By making a third terminal connection to one of the 
hase layers the p-n-p-n can be turned on by a small amount of control 
power much in the manner of a gas tube thyratron, If the series resist- 


ance is close to zero the structure will conduct several amperes at one 
volt drop, 
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FUNCTION GENERATION If V3 > Oand V; = V2 = O, using similar notation as in (21), (22), (23) 


In a circuit completely analogous to the gas tube circuit, the p-n-p- iO (24) 

can be used to generate saw-tooth waves, etc. Tee peed) (25) 
8 

PHOTORELAY foe Fe ay: (26) 


The p-n-p-n junctions are photosensitive as are other semiconducto 
junctions and the p-n-p-n can be triggered by light injected carriers ai 
well as by electrically injected carriers. As a photorelay, the p-n-p-n i 
capable of operating directly electrical equipment requiring large frae 


ay is the alpha for junction 3 emitting and junction 2 collecting. 
If V; = Vz = 0 Veg <0, junction 2 is emitting and junctions 1 and 3 
are collecting. Then 


tions of amperes. Ty = —ayzTg2(e*"? — 1) (27) 
APPENDIX Ty = —Iqo(e*Y? — 1) (28) 
SusTAIN VOLTAGE OF Two-TERMINAL p-n-p-n TRANSISTORS. The pra I3 = —aoyzl9(e—F"2 — 1). (29) 


tical embodiment of the p-n-p-n transistor switch operates as a tw 
terminal device, using an internal variation of « with current to give t 
switching characteristic. It is the purpose of this appendix to present 
calculation of the sustain voltage of such a device in the on state. Fig. 


ay and ag; are the alphas respectively for 1) junction 1 collecting and 
junction 2 emitting and 2) junction 3 collecting and junction 2 emitting. 
Note that for unity collection efficiency the total colleeted current must be 
lows than the total emitted current so that 


oir + oer S 1. (30) 


Jy Ja J3 


lor the case V;, V2, V3 simultaneously different from zero, superposition 
applies and we have 





Ty = Tq (°"! — 1) — curl ea(eP"? — 1) (31) 

= BV; _ 1) _ —BV _ BV, _ 
Fig. 9 Schematic of the p-n-p-n transistor. For purposes of analysis, it is su Ag Aceuntoale tp Steele 8 kt alan eT) M92) 
posed that connections have been made to all four regions. Ig = —agzlo(e*"s — 1) + Ty9(e?"8 — 1). (33) 


shows schematically the p-n-p-n structure. For purposes of analysis, 
will be supposed that electrical contact has been made to each region, 

Let the voltages Vi, V2, V3 be defined as the voltage across the jun 
tions J;, J2, and Js respectively and taken as positive from left to righ 


Our object is to solve for Vi, Vz, V3 in terms of the currents, and this is 
done by inverting (31), (32), (33). 
‘There results 


Iy(1 — agnaer) — are + ayragnl3 


Also, let I,, Iz, and Iz be the respective currents taken as positive to t Ine +1) = (34) 
right. The general problem is to relate the voltages V1, Vy, and Vs; to t - Ao 

currents I,, Iz, and Iz. If the problem is inverted, and the question where 

asked, what currents flow if Vi, Vz, Vs are applied separately to the fo Ag = 1 — agyagr — ayyayr (35) 


regions, the principle of superposition is easily applied (Ref. 12). Th 
if Vi; > 0, Ve = V3 = O then the left-hand p-n-p in Fig. 9 is simply 
transistor with normal emitter bias and collector volts = 0. 

Let I,: be the saturation current of junction 1 under these conditio 


I, - I. I 
Iyg(e78¥2 — 1) = andy 2 + oanls (36) 
0 


Th = be 
re Ty = I4,(e81 — 1) als 't) ie a nagr], sa Ig(1 = ayweas) (37) 
0 


Tp = ayn (8"1 — 1) 
I, = 0. 
B = q/kT and ayy ia the normal alpha of the left-hand pen«p, 


With two-terminal operation, 
Telelely and V, = Vit Vo + Vo, 
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From (34), (36), (37), 
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Isg (Ai + Ig1)(IA3 + Is) 





1 
V,=-—In (38) 
B IeiIs3 (LA2 + Is) ' 
where 
tz 1+ ayragn — Agnaer — ay (39 
Ao 
-1 
doe ain + en ( 
Ao 
He 1+ ajnaoer — anor — or (41 


Ao 


The interpretation of (38) requires an estimate of the sizes of A,, Ao, A 


Consider first the case where 
ain + an <1. (4 


In this case Ap < 0, A; > 0, Az > 0 and (38) makes sense only for 





TA, + Isg > 0 or (since Ag < 0) ( 
fe Is0 = (1 — egwaer — awair)lo2 ( 
| Ao| 1 — ain — aan 


Thus, if (42) holds, the current that flows at moderate voltages is a mul 
ple of the saturation current and is small. 
The other possibility 
an + an > 1 
results in 


Ape. ASO, Ayo. Woo 


In this case the current can increase without limit at finite voltage. If 
current is large compared to the saturation currents, 


1 I A,A 
V, 2-In 82 1 3 
B Ts1Io3 A 


Equation (46) is essentially the voltage drop in a single forward bias 
junction if A,, Ag, Ag are of the order of 0.01 — 1. For practical trans 
tors, the only significant contribution of the A’s to the voltage drop will 
when a,yv + aoy is close to unity. If a;y + aan — 1 is of the order 
10~* then V, is about 10/8 = 1/4 v greater than a forward biased di 


I 
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Chapter 7 


TETRODES 


7. A JUNCTION TRANSISTOR TETRODE FOR 
HIGH-FREQUENCY USE * 


If a fourth electrode is added to a conventional junction transistor a 
biased in a suitable way, the base resistance of the transistor is reduce 
by a very substantial factor. This reduction in r, permits the transist 
to be used at frequencies ten times or more higher than would otherwi 
be possible. Tetrodes of this sort have been used in sine-wave oscillat 
up to a frequency of 130 mc and have produced substantial gain as tu 
amplifiers at frequencies of 50 mc and higher. 


INTRODUCTION 


A few experimental models of the junction transistor tetrode to be de 
scribed in this paper have been built in the laboratory and have been su 
jected to a preliminary evaluation of their circuit performance. 

The measurements which have been made to date indicate that the 
tetrodes are useful at very much higher frequencies than are convention 
junction transistors. Sine-wave oscillations have been obtained at fre 
quencies as high as 130 me and tuned amplifiers have shown gains as hi 
as 11.8 db at 50 mc. Furthermore, these transistors are capable 0 
rather wide-band operation. For example, a grounded-base stage ope 
ated between resistive terminations can produce 22.3-db gain with th 





* Originally published in Proc. IRE, Vol. 40, Nov. 1952. 
We are happy to acknowledge the encouragement and advice given us by J, 
Morton, W. Shockley, and others in Bell Telephone Laboratories, We wish a 
to thank L. C. Geiger, R. H. Kingston, and J. B, Thomas, Jr., for their advi 
and assistance with some of the measurements and, also, G, V. Whyte and W, 
Kallensee, who wore very helpful in carrying out several aspects of the work 
We are indebted to W, W, Bradley for preparing and supplying the germanium used 
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cutoff frequency at 5 me. This amounts to a gain-band product of a 
little more than 800 mc. As a band-pass amplifier for frequencies cen- 
tered around 32 me, this same transistor gives 15-db gain over a band- 
width of 9 me. 

Time has not permitted a thorough study of the high-frequency prop- 
erties of these devices. For this reason, we are forced to set rather 
limited objectives for this paper. First, we will attempt to show that the 
(levice does have useful high-frequency properties by presenting the 
measured performance of various amplifier and oscillator circuits in 
which it has been tried. Second, we will present some rough approxima- 
lions to indicate that three factors may be principally responsible for the 
improvement in high-frequency performance as compared to that of 
conventional junction transistors. These are the following: 


1. The base resistance of the transistor has been reduced through the 
use of the tetrode structure. 

2. Cutoff frequency of « has been increased by using somewhat thinner 
p layers than often used. 

3. The collector capacitance has been reduced by decreasing the area 
of the collector junction to approximately 10~¢ in.? 


THE STRUCTURE 


lig. 1 shows the geometrical configuration of the junction tetrode and 
the symbol which will be used in this paper to represent it. This is 
identically the same structure as previously reported (Ref. 1, 2) for the 
junction triode, with the exception that a fourth electrode, 62, has been 
added. This connection is made to the p layer in just the same way as 
the base connection is made but on the opposite side of the bar. 

Throughout this paper we will consider the performance which is 
obtained by applying a fixed current bias, Iy2, between the base and the 
ucdded electrode. The magnitude and direction of this bias are so chosen 
iw to make the potential of b2 something like —6 v with respect to base. 
The emitter and collector electrodes are biased approximately the same 
fw they are in conventional junction transistors. In particular, the emitter 
is normally at something like —0.1 v with respect to base. 

Under these conditions, that part of the emitter junction which is near 
2 is biased in the reverse direction by almost 6 v, and hence does not emit 
electrons into the p layer. In fact, the only part of the emitter junction 
which is biased in the proper direction to serve as an emitter is in the 
lmmediate vicinity of the base contact. This makes all the transistor 
action take place very near the base contact, and hence might be ex- 
pected to reduce the base resistance, r,, of the transistor. In the follow- 
ing sections it will be shown that 7, is reduced and that this results in 
improved high-frequency performance, 

On the basis of the above discussion one might suppose that the same 


results could be obtained without adding the fourth electrode by simply 
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SINGLE- CRYSTAL 
“GERMANIUM BAR 


EMITTER —_COLLECTOR 





BASE 


Fie. 1 The tetrode structure is shown above and the symbol used to represent 
it is shown below. 


reducing the dimensions of a conventional junction transistor. It turns 
out, however, that the required dimensions are considerably smaller 
than can be handled conveniently. Rough calculations indicate that wit 
the biases mentioned above, the whole active part of the emitter must 
lie within something like 4% mil of the base contact. 


LOW-FREQUENCY PROPERTIES 


With a constant current bias applied to b2, the remaining three elec- 
trodes constitute a triode with properties which are qualitatively th 
same as those of a conventional junction transistor. The static char- 
acteristics are of the same general shape, similar biasing conditions ar 
rmte 


le i 








EMITTER COLLECTOR 
+ + 


Fie. 2 The low-frequency equivalent circuit of a junction tetrode when operated 
with fixed bias on the added electrode, 62. 


suitable, and the usual triode equivalent cireuit shown in Fig, 2 is ap 
propriate at low frequencies. The effect of the bias applied to b2 is 
modify the values of the resistances in this equivalent circuit as shown i 
Figs. 3 through 6, From these figures it can be seen that none of t 


Chapter 7; TETRODES 459 


parameters varies rapidly with —J,2 so long as this current is greater 
than about 1 ma. This is important because it means that the good high- 
frequency properties of the device are not dependent on a critical setting 
of this bias. All values between 1 and 2 ma have been found about 
equally satisfactory. 
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ia, 3 An important result of bias on the added electrode is the reduction of 


base resistance. 


Fig. 3 shows that with no bias on b2, the base resistance is 1100 ohms 
for this transistor. As —J»y2 is increased to 2 ma, r, decreases to about 
40 ohms. 

The interesting behavior of 7, at small values of —Iy2 has not been 
investigated thoroughly. There is some reason, however, to believe that 


Ve = 10 VOLTS 
Ie =-1 MA 
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1a, 4 The bias applied to b2 reduces the current amplification factor, a, Note 
the expanded seale to which @ is plotted, 
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in this range r, is quite frequency dependent and that it has the low 
values shown only at low frequencies. 

Fig. 4 shows that « decreases more or less uniformly from 0.99 to about 
0.75 as —Ipe is increased from zero to 2 ma. This decrease in alpha has 
the effect of increasing bandwidth at the expense of gain. 
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Fic. 5 The collector resistance is appreciably reduced by bias on the fourth elec- 
trode. 


Fig. 5 shows that r, is appreciably reduced by the bias applied to b2, 
This, too, is in the direction of decreasing gain. 
Fig. 6 shows that in the range 1 to 2 ma r, is increasing as —Iy. is 
increased, but the total change in r, is not very great. 


Ve = 10 VOLTS 
Ig =-1 MA 
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Fic. 6 The emitter resistance is not greatly changed as the bias on b2 is changed 


There is some variation in the properties discussed above from 0 
transistor to another, but the general trends, particularly with respect 
ry and a, are the same, Table 1 shows the values of these parameters f 
five other tetrode transistors, 


Alona, 
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HIGH-FREQUENCY PROPERTIES 


At high frequencies the simple equivalent circuit of Fig. 2 is not ade- 
quate to account for the performance of transistors. Among other things 
it neglects the effect of emitter junction capacitance and fails to account 
for the fact that a eventually begins to decrease with increasing fre- 
quency and to have associated with it a phase angle. 

In discussing the dependence of « on frequency it is convenient to define 
an “alpha cutoff frequency,” fea, as the frequency at which the magnitude 
of « has been reduced from its low-frequency value by a factor of 1/\/2. 
This frequency is tabulated for several junction tetrodes in Table 1 and 
is of the order of 15 to 20 mc. 


TABLE 1 MEASURED PARAMETERS FOR SEVERAL JUNCTION 
TETRODES 


I, = —2ma, Isp = —1.5ma, V, = 24v 


Transistor number 


Parameter 


re (ohms) 
ry (ohms) 
le (meg) 


ao 
fea (me) 


Ce (uf) 








Shockley (Ref. 1) has shown that f-q should be inversely proportional 
(o the square of the thickness of the p layer and should be about 20 mc 
for the p layers of roughly 0.0005 in. used in these transistors. This is 
it) agreement with the measured values of fq. 

‘ig. 7 shows the magnitude of @ plotted as a function of frequency. 
llere again it can be seen that the effect of the bias applied to b2 is to 
reduce the low-frequency value of a, in this case to about 0.82. Cutoff 
frequency is not appreciably changed by bias on 62, but above cutoff 
frequency @ appears to decrease less rapidly with increasing frequency 
when the bias is applied. 

In order to describe completely and accurately high-frequency prop- 
erties of these transistors it would be necessary to measure the magnitude 
and phase of all its internal impedances as functions of frequency. Such 
measurements have not as yet been made, but it has been found that 
rough approximate calculations ean be based on two simplifying assump- 
These are; 
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1. Assume that the equivalent circuit of Fig. 2 is correct and complete 
except for the variation of « with frequency. 
2. Assume that the variation of « with frequency is given by 


a9 
-——_, (1) 
1 + If/feo 
where a is the low-frequency value and f,. is the cutoff frequency 


for a. 


Although these assumptions are not sufficiently good to give accura 
agreement with high-frequency measurements, they are close enough 











2 
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Fic. 7 The cutoff frequency of a is not much changed when the tetrode bias 
applied, but the shape of the curve is altered in a favorable way. 


permit one to find out which parameters of the transistor are most i 
portant at high frequencies. We will use such calculations to show th 
ry is very important and that one should expect substantial improvem 
in high-frequency performance when r, is reduced as it is in juncti 
tetrodes. 

Consider the circuit of Fig. 8 in which the transistor is used as 
grounded-base amplifier between a generator of internal resistance 


1.5MA 
_ 





Fia. 8 The circuit used in obtaining the response curves shown in Fig, 9 
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and a load of resistance R,;. Such a circuit was treated in an earlier 
paper (Ref. 2) in which it was shown in equation (17) that 


aRy 
(Te +rot+ R,)(1 + R/T) — ary 
In this same paper it was shown that the effect of collector capacitance is 
properly taken into account if r, is replaced by r,/(1 + j2mr.C.f). If this 
substitution is made in (2) and if @ is replaced by the value given in (1), 
the result can be reduced to 
(agR1/r)? 
g/t)” it ear ee 1) 
[“ — n+ Rz/r-)* + (1+ Rx/'-<) La 


+ (Rz/r.)7t-2 + (2nRz/r.)Late + arp ta| 


where 
r=Tfetrot R, 
nN = aory/T (4) 
ta = f/fea 
and 
Xe = QarC-of. 
The power gain can be computed by multiplying this value of (v2/v,g)? by 
AR,/Rt. 


In order to show the drastic effect which ry can have on high-frequency 
performance, suppose C, = 0 so that 2, = 0 and suppose further that 
Rt,,/r, is much less than one. In this case (3) reduces to 


(agRz/r)? 
(1 a7 n)? + flee 


From this it can be seen that the response will be down 3 db when zg = 
(1 — n), that is, when 
Qorb 


= 1 - — 
Us Te+rot+ R, 


If r, = 0, then the gain of the stage is down 3 db when f = fig. Sup- 
pose, however, that R, = 25 ohms and that the constants of the transistor 
are those shown in Figs. 3 through 5 for —I,2 = 0 (ie., for the transistor 
used as a triode). In this case the response is down 3 db at f = 0.055fea. 
If —Ip2 is raised to 1.5 ma, the same sort of calculation shows that the 
cutoff frequency is raised to f = 0.603f.4. The effect of the tetrode bias, 
therefore, is to raise the cutoff frequency of the stage by a factor of 
eleven, This increase is partly due to the reduction of r, and partly to the 
reduction of a. 

Fig. 9 shows the measured response of transistor I (Table 1) in the 
olreuit of Fig. 8. Note that with R, = 5100 ohms, the gain is 22.3 db 
and the 8-db point is at 5 me, This is comparable with the performance 
of good vacuum tubes, Note that if this transistor is used as a triode 


(v2/v_) = (5) 


(6) 
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(—J2 = 0) in the same circuit, the cutoff frequency is reduced to ap- 
proximately 0.5 me. 

The lower solid curve shows that reducing R; to 2460 ohms raises the 
cutoff frequency to 10 me and reduces the low-frequency gain to 18.4 db. 


— MEASURED 
—-- COMPUTED 


Rg=37.52 








MY RL = 5100 2 
IN Ip2=-1.5MA 
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Fic. 9 Measured and computed gains for the etage shown in Fig. 8. 


The dotted curves in Fig. 9 are computed from (3). They agree rea- 


sonably well with the measured response at low frequencies, but the com- 


puted gains are appreciably smaller than those measured at high fre- 


quencies. This is surprising in view of the fact that emitter capacitance 
was neglected in the computations. It may be due to the fact that (1) 
is not a sufficiently good approximation for the frequency dependence 
of a. On the other hand, it may be due to a decrease of 7, with increasing 
frequency. 

Assuming that the latter might be the case, (3) was used to compute 
the values of r, required to bring the TTT curve into agreement 
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Fia, 10 Errors in the computed curves of Fig. 9 may be due to a variation of 
r», With frequency, The values of r» shown here would bring measured 
and computed curves into agreement, 
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with the measured response. For this purpose, a new response curve was 
measured with R, = 0 and AR; = 600. Fig. 10 shows the values of 7, 
computed in this way. Obviously, this is a completely arbitrary way of 
accounting for the failure of (3) to give the right answers at high fre- 
quencies. Further measurements are needed to show whether it has any 
basis in fact. These computed values of 7, will be used in the next section 
to compute the response of tuned amplifiers. 


AMPLIFIERS WITH RESISTIVE GENERATOR 
AND TUNED LOAD 


The output impedance of a grounded-base amplifier driven by a re- 
sistive generator looks like a resistance and capacitance in parallel. If 





"ia. 11 Simple tuned amplifier circuit used in obtaining the response curves of 
Fig. 12. 


(he amplifier is loaded by a shunt inductance and resistance as shown in 
I'ig. 11, the inductance will resonate with the output capacitance to give 


\ peaked response. At the frequency of resonance, maximum gain will 
be obtained when R, is adjusted for match. 
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Nia, 12) The peaks of these response curves show the available gain in the circuit 
of Fig. 11, The dashed curve shows the computed locus of these peaks, 
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The curves of Fig. 12 were obtained by varying the load inductance 
to obtain various resonance frequencies and then adjusting R;, at each 
frequency to give maximum gain. Note that the measured gain at 50 
me is 11.8 db. 

Fig. 13 shows the measured values of the output impedance of the 
stage in terms of an equivalent parallel resistance and capacitance. 
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Fig. 18 The output impedance of a grounded-base stage in terms of a shunt 
resistance and capacitance. 


Under the same assumptions made in deriving (3) we can compute 
these components of the output impedance and the gain which should be 
measured at the peak of the resonance curve. The results are 


ql ~~ n)? ae ae 


Ro = fe —-"——.' 
BS (1 — n) + Nate + Xa" a 
(1 i. n) ai NLe/Le + te 
= aS 8 
os (1 — n)? + 2? @) 
R is 2 /p2 
bli (Rgrcao’ /T”) (9) 


(1 bir mn) a NLL ¢ as a? 


Again, if it is assumed that r, is independent of frequency, the com« 
puted gains are much too low at the higher frequencies. If, on the othe 
hand, it is assumed that the values of r, from Fig, 10 are correct, then (7) 
(8), and (9) give the computed values shown on Figs, 12 and 13. The 
agreement between these measured and computed values is far from 
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excellent, but it is close enough to suggest that r, may decrease with in- 
creasing frequency in some such way as indicated in Fig. 10. 


BAND-PASS AMPLIFIERS 


The low values of output capacitance and resistance shown in Fig. 13 
suggest that it should be possible to build reasonably wide band-pass 





Fic. 14 Band-pass amplifier stage. 


amplifiers without much sacrifice in gain as compared to the values 
shown for narrow-band amplifiers in Fig. 12. To illustrate this, the stage 
shown in Fig. 14 was designed to pass a 9-mc band of frequencies centered 
around 32 me. The measured response curve is shown in Fig. 15, from 
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Via, 15 Measured response for various band-pass amplifiers, like that shown in 


Fig. 14. 


which it can be seen that the gain is 15 db, giving a gain-band product 
of 280 me. The other response curves shown on Fig. 15 were measured 
with coupling networks similar to that shown in Fig. 14, but deliberately 
designed for smaller bandwidths at lower frequencies, 
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OSCILLATORS 


The circuit of Fig. 16 has been used to observe the performance of 
these transistors as oscillators at high frequencies. It resembles a con- 
ventional Hartley circuit, with the exception that provision is made 
for adjusting the value of the capacitance in the feedback path to the 
emitter. At the higher frequencies the input impedance at the emitter 


tends to become inductive, and it is necessary to adjust this capacitor. 
Used in this circuit, most of the tetrodes which have been made will pro- 
duce sinusoidal oscillations up to frequencies as high as 80 to 100 me 
1.5 MA 
_—_ 





S2av 
ak 
Fic. 16 An oscillator circuit suitable for use with junction tetrodes. 


Four or five have been capable of oscillating at frequencies above 100 
and two will oscillate at 130 mc. 

Power output of this oscillator has been measured as a function 
frequency for one transistor. Between 40 and 75 me the measured outp 
was approximately 1 mw. At 100 mc the output is 0.25 mw and at 11 
me, 0.06 mw. The collector dissipation was held to about 30 mw duri 
these measurements. 
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ADDENDUM * 


S. L. MILLER 


Since the publication of this article the principal progress has occu 
in fabrication techniques, As a result, the maximum frequeney of osel 
lation in suitable circuits has been increased by more than a factor of 


* Based on data supplied by R, L, Wallace, 
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over that reported in the original paper. This advance was effected 
largely by the application of new methods of crystal growth and further 
reduction in the cross-sectional area of the device. 

The earlier tetrodes were made with material grown by the double 
doping method. The most successful method for the production of 
tetrode material to date has been rate-growing (Ref. 1) from a melt doped 
which boron and antimony (Ref. 2). Since the segregation coefficient of 
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Fic. 1 Magnitude and phase of a as a function of frequency. 


boron is greater than unity, it is possible to form thin and relatively 
heavily doped p layers without precision doping. These layers can 
have a resistivity up to ten times as low as that achieved in other rate- 
grown and double-doped material. This, of course, results in lower base 
roulstances and, therefore, better high-frequency performance. In addi- 
(ion, this growing process produces a variation in the doping across the 
p layer, which results in a “built-in” field which aids the diffusion of 
oarriers across the base. 

The best indication of the progress in tetrodes can be obtained from the 
mensured data on a recent research model, The parameters for such a 
unit are given in Figs, 1, 2, 3, and 4, up to a frequency of 100 me, All 
the data were taken at J, « 1 ma, Vy « 10 v and the current from base 
to base equal to 0.8 ma, The parameters are given in the equivalent 7’ 
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representation to maintain consistency with the notation of the original 


article. The A parameters can, of course, be derived from those given. 
Fig. 5 is a plot of power gain vs frequency up to 100 me for both 


Fic. 2 Emitter impedance as a function of frequency. 
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ia, 5 Power gain grounded emitter and grounded base as a function of fre- 
quency. 
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grounded base and grounded emitter. This power gain is a quantity de- 
fined by Linvill and Schimpf (Ref. 3) which is within 3 db of the maxi- 
mum available gain for the transistor. The maximum frequency of oscil- 
lation of the test circuit with this transistor is 1420 me. 
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Fia. 3 Base impedance as a function of frequency, 

































Chapter 8 
RADIATION SENSITIVE DEVICE DESIGN 


The p-n junction is a moderately efficient converter of radiant energy 
to electrical energy. The first paper gives the basic theory and brin 
out practical limitations such as high-energy radiation damage to p-n 
junctions. The second paper reports analysis and experiment of 
specific solar cell design, with the emphasis on practical features suc 
as attainable impurity distributions and the power losses in contact re 
sistances. Since this paper was written, solar energy conversion effi- 
ciencies of about 12 per cent have been achieved. 


8A. RADIOACTIVE AND PHOTOELECTRIC p-n JUNCTION 
POWER SOURCES * 
W. G. PFANN AND W. VAN ROOSBROECK 
An electrical power source can be made by exposing a p-n junction t 
radioactivity or light, so that the junction field separates electron-h 
pairs produced by the radiation. Expressions for maximum power, opt 
mum load resistance, and efficiency are derived from an equivalent cir 
and rectification theory. Power and efficiency increase with source 
rent I, of separated charges and zero-bias junction resistance. I, 
creases with energy and intensity of radiation, but is limited by self: 
absorption in the radioactive isotopes. Estimates of attainable pow 
and efficiency for silicon cells are 3 X 10-* watt/em? and 15 per c 
for solar radiation, averaged, allowing for night, weather, and varyt 
angle of incidence; and 3X 10-4 watt/cm? and 8 per cent, for bet 
radiation from Sr*°-Y°° of activity 32 curie/gm. However, lattice de 
fects produced by Sr®-Y® beta radiation impair cell performance b 





* Originally published in J. Appl. Phys., Vol. 25, Nov. 1954. 
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ring, W. Kohn, H. W. Lewis, D. A. Kleinman, W. L. Brown, R, ©. Fletcher, J. 
Burton, A. Uhlir, J. L. Moll, M. B, Prince, T, 8, Benedict, and P. A, Wolff f 
helpful information and advice; and to K, G, MeKay for valued discussions, as 
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increasing electron-hole recombination. A theoretical estimate of thresh- 
old energy for radiation damage in silicon is about 0.3 Mev, about half 
the experimental value reported for germanium. Avoiding radiation 
damage by annealing, by absorbers, and by use of less energetic isotopes 
is discussed. The Y® beta spectrum is given; it is used in estimating 
damage rates in germanium, which are high, and efficiencies obtainable 
with absorbers, which are low. Theory and experiment are compared for 
Sr®°- ¥9° cells of silicon and of germanium. 


1 INTRODUCTION 


Radioactivity can be converted to useful electrical power by means of 
. p-n junction. Electron-hole pairs produced in the semiconductor by 
beta radiation, for example, are separated by the junction field; the sepa- 
rated pairs bias the junction in the forward direction and deliver power 
to a load. Since each beta produces many pairs, junction cells convert 
small current of high-energy betas to a much larger current of low- 
voltage electrons. Optical radiation—sunlight, for example—may simi- 
larly be employed; each absorbed photon in a characteristic absorption 
band of germanium or silicon produces one electron-hole pair. 

Other methods for obtaining electrical power from radioactivity have 
been described. Mosely (Ref. 1) suspended a sphere containing radon in 
vacuum and determined that a potential difference of 150,000 v could be 
developed by the emission of charged particles. Linder and Christian 
(Ref. 2) obtained 365,000 v from 250 millicuries of Sr®°-Y®, using an im- 
proved form of this device. Rappaport and Linder (Ref. 3) described a 
charging device in which the vacuum is replaced by a thin sheet of insu- 
lating medium. Kramer (Ref. 4) in 1924 and, more recently, Ohmart 
(Ref. 5) described devices in which a gas is ionized by radiation and the 
jons are separated by the electric field arising from the difference in 
oontact potential between two dissimilar metallic electrodes. Open-cir- 
oull voltages of the order of a volt were reported. 

That electrical power can be obtained by directing light at a rectifying 
junction is well known; comparatively high efficiencies for such devices 
have been obtained by Chapin, Fuller, and Pearson (Ref. 6). Attention 
linu been called also to the current multiplication observed when an elec- 
tron beam is directed at a selenium or copper oxide cell (Ref. 7). Inde- 
pendent work on the use of a radioactive beta emitter with a p-n junction 
(0 produce power was reported by Rappaport (Ref. 8). 

‘Two applications of radioactive junction cells are of particular interest. 
The first consists of a small, durable source of bias voltage for devices 
such as the junction transistor (Ref. 9). Construction of cells to meet 
such needs appears feasible. Output powers of the order of microwatts, 
al voltages of a few tenths of a volt, are attainable with single p-n junc- 
tions and moderate amounts of radioactive material, While such material 
is expensive at present, it has been estimated that Sr®-Y, a pure beta 
emitter of 20-year half-life, could be made available at reasonably low 
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cost (Ref. 10). A second application is the large-scale conversion of the 
radioactivity of unrefined or partly refined fission products into electri 
cal power. Use would be made of both gamma and beta radiation; heavy 
external shielding and large volumes of semiconductor would be required. 

Results of a detailed theoretical and experimental investigation of p- 
junction power sources are given in this paper, principal emphasis bein: 
placed on the radioactive case. 


2 RADIOACTIVE CELL DESIGN 


A principal objective in cell design is to absorb as much radiation 
possible as close to a suitable junction as possible. The problem ma 
be resolved into three parts: 1) the radioactive source; 2) its dispositio 
with respect to the p-n junction; and 3) the rectifying junction and thi 
semiconductor. 


2.1 Tue Rapioactive Source. Type of radiation, energy, half-lif 
activity, and range are of concern. Pure beta emitters appear well suite 
as to range and energy, and heavy external shielding is unnecessary. T 
radiation is strongly absorbed, the range for 0.5-Mev betas in germani 
being 0.03 cm, and a few emitters have reasonably high energy, activit 
and half-life. Gamma rays, by various processes, give rise to betas whi 
in turn produce electron-hole pairs. Although gammas are not strong 
absorbed, their use in combination with other beta and gamma emitte 
appears feasible for larger scale applications. Alpha particles can p 
duce electron-hole pairs, but their use may be less desirable because the 
severely damage the lattice. 

While beta radiation of high energy is desirable from the viewpoi 
of power and efficiency, a limit is imposed by the threshold energy E; fe 
radiation damage. One way out of this difficulty is to use only b 
emitters which have maximum energy less than E;. This procedure 6 
in principle provide better efficiencies than are obtainable with a hig 
energy source whose maximum energy is reduced to E; by an absor' 
The use of absorbers as well as the removal of defects by annealing w 
also be discussed later in context. 


2.2 DISPOSITION WITH RESPECT TO THE p-n JUNCTION. The cell desi 
which will be used for analysis is a planar layer of radioactive mate 
on a slab of semiconductor having a p-n junction parallel to the lay 
and less than a diffusion length from it. The radioactive layer m 
be very thin, or of appreciable thickness, though little will be gained 
having it thicker than a beta range in the isotope. A more efficient desi 
comprises two slabs of semiconductor, one on each side of the layer, 
suggested in Fig. 1. Still more efficient is an array of alternate parall 
layers and slabs, in which essentially all betas are utilized and e 
junction is bombarded from both sides, Note that the rectifying june 
may be a junction of the semiconductor with a metallic radiation so 
or metallic absorber, 
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Fic. 1 Schematic representation of a radioactive p-n junction cell. 


2.3 THE JUNCTION AND THE SEMICONDUCTOR. Desiderata for both 
must be considered. For the junction these are: large zero-voltage re- 
sistance Ro and large diffusion lengths for electrons and holes in the p- 
type and n-type regions, respectively. For the semiconductor these are: 
small beta range, large energy gap, large threshold energy E; for forma- 
tion of lattice defects by betas, and small energy ¢« for formation of an 
vlectron-hole pair by betas. Certain of these properties are interrelated. 
In general, one diffusion length, or the sum of both, should be large com- 
pured to the range over which betas of less than threshold energy are 
ubsorbed. If one diffusion length is small, the junction should be located 
way from the center of the beta range so as to allow the other diffusion 
longth to encompass the beta range. Large energy gap E, is desirable 
because EZ, is an upper limit for attainable cell voltage and because large 
, makes for large Ro. A qualitative comparison of germanium and 
silicon shows silicon to be superior in Ry and germanium to be superior 
in beta range, Z;, «, and in the diffusion lengths presently obtainable. Of 
junction cells which have been made, those from silicon have had output 
power and voltage greater by at least an order of magnitude because of 
(he controlling influence of larger Ro. 


! AVAILABLE POWER AND CIRCUIT EFFICIENCY 


3.1 Generat Turory. On the basis of an equivalent circuit and the 
ourrent-voltage characteristic of the junction, cell voltage and external 
#urrent and power may be determined, In particular, the maximum power 
in a matched load and an ideal efficiency may be specified in terms of 


tiven J, and Ro, 
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Electron-hole pairs produced near a p-n junction, within a distance” 
which is small compared with a diffusion length, will substantially all 
flow across the junction, holes flowing into the p-type side and electrons 
into the n-type side. Denote by J, the current which corresponds to this 
flow. Since the p-type and n-type sides become charged, respectively, 
positively and negatively (Ref. 11), a forward bias across the junction 
results, which causes a current J, to flow in the semiconductor opposite 
to I,. The current J = I, — I; flows in an external circuit. A simple 
equivalent circuit is accordingly tha 
of Fig. 2, which consists of a curren 
generator I, in parallel with t 
rectifying junction and the load r 
sistance R. This resistance is t 
only linear resistance in this som 
what idealized equivalent circui 
for which the short-circuit current 
equal to the source current, I. Thi 
circuit is frequently an adequa 
approximation, and it exhibits th 
principal qualitative features of i 
terest; generalizations that may be necessary in some cases to accou 
for cell behavior can be introduced without difficulty. 

Equations for this equivalent circuit are: 





LOAD, R 


Fig. 2 Equivalent circuit for a p-n 
junction power source. 


I,=1;+ I, 
I; = (kT /qRo)[exp (QV/kT) — 1], 
IR=V, 


in which q denotes the electronic charge, k is Boltzmann’s constant, Tv 
absolute temperature, and V is cell voltage. Equation (2) is a sim 
current-voltage characteristic (Ref. 12) applicable to p-n junctions (8 
as certain germanium junctions) that exhibit comparatively rapid volt 
saturation in the forward direction (positive I and V), with negligi 
ohmic resistance of the semiconductor. For many silicon junctions, ¢ 
rents under appreciable forward bias are proportional to exp(qV /AkT 
with A > 1, rather than to exp(qV/kT); the requisite generalization 
easily made. Such behavior may be associated with comparativ 
gradual transition from n to p type, with appreciable increases in lo@ 
conductivity by carrier injection, with junction non-uniformity, and W 
non-uniform junction bias. 7 
It follows from the circuit equations that cell voltage V is related 
source current I, as follows: 


(kT'/q)(R/Ro)lexp (QV/kT) — 1] ++ V = IR. 


Determination of the available power involves finding the load 
ance FR such that the power, 


W=?R = IV, 
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is maximum. The condition dW/dR = 0 for a maximum gives 


exp (gV/kT) = Ro/R 
and, hence, a i 


Tg = (kT'/qR) In (Ro/R) + (kT /q)(1/R — 1/Ro). (7) 


oe permits determination of R for maximum W in terms of Ro 
and Ig. 


It is convenient to write (7) in dimensionless form by introducing the 
reduced source current, 


G = qI,Ro/kT, (8) 
which is the ratio of I, to reverse saturation current, and writing 
z= Ro/R. (9) 
Then the equation becomes 
G=zInze+2z-1. (10) 


The quantity z, which will be called the load conductance factor, is plotted 
against reduced source current, G, in Fig. 3. Given Ro, J,, and 7, the 
optimum load resistance R = Ro/z may be found from this curve. 


> 


10° Wo = (kT/e)2/Ro 
W,=kTIg/e 
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The load resistance R which provides maximum power W,, is (independ- 
ently of the form of the characteristic) equal to the differential resistance 
of the junction under the operating conditions. In the present case, the 
non-linearity is such that it is even smaller than the corresponding actual 
resistance R; = V/I; of the junction, since 


R/R; = ( — 1)/zelmnz <1. (11) 
While R approaches Ro in the limit of zero J,, it is, for example, 0.5R; (and 
0.2Ro) for G = 12. 
Since current and voltage for maximum power are, from (3), (6), and 
(9), 
I = (kT /qRo)z nz 


V = (kT/@ Inz, 
the maximum power W,, is given by 
Wm = Woe(Inz)?, Wo = (kT/q)?/Ro. 


The reduced maximum power W,,/Wo is plotted against G in Fig. 3. 
The open-circuit voltage Vo of the cell is given by 


Vo = (kT/q) In (1 + gIgRo/kT), (15) 


from (4). This equation relates short-circuit current Jp, which equals I, 
for the circuit under consideration, to open-circuit voltage Vo. From @ 
more general viewpoint, the dependence of Vo on J, should, aside fro 
ohmic drop in the semiconductor, be the same as the dependence of V 
I; without generated carriers, which is the forward characteristic of the 
rectifier. 

An ideal efficiency § may be derived on the assumption that there is 
recombination in the semiconductor, so that all the added current carrie 
produced by the radiation are collected by the junction. If energy 
the radiation is required to produce one electron-hole pair, then since eae 
pair results in a carrier of charge q which is subject to potential drop V 
and since a fraction I/I, of carriers flows in the load, the efficiency is 


& = (qV/e)(I/Ig) = qV?/Relg = (kT/e)z(In z2)?/G. (16 


The first two expressions for § are completely general, while the third 
which follows from (8) and (12), applies only if R has the value for max« 
imum power. The reduced ideal efficiency at maximum power, 


e6/kT = 2(In 2)?/G = Wn/W1, Wy, =kTI,/a=GWo, (17) 


is plotted against G in Fig. 3. Use of W, as power unit is convenient 
cause it is proportional to 7, and because it permits the determination 
maximum power W,, as well from the efficiency curve. It will be observ 
that & is small for G small and increases with G, and is approxima 
(kT'/e) Inz = (kT'/e)(qV/kT) if the second factor is large compared wi 
unity, It may be shown from an appropriate generalization that if, for 
large, A > 1 applies, then Vo, W», and & are multiplied by A, while J 


Chapter 8: Raptation Sensitive Device DeEsicn 479 


mains unchanged, provided the mechanism that gives A > 1 is associated 
with that of charge separation (Ref. 13). 

For high-energy electrons, estimates of « are: 3.0 ev for germanium, and 
3.6 ev for silicon (Ref. 14). With the use of these constant energies in 
calculations of G resulting from beta radiation, rates of electron-hole pair 
production are simply proportional to absorbed power, and ideal effi- 
ciencies at 300°K in per cent are 0.86 and 0.72 times the reduced efficiency, 
respectively. 

In the optical case, « is equal to the photon energy hy = he/d, in a con- 
ventional notation. For any specified spectral distribution, an average 
energy €ay applies, to which corresponds an average wavelength Agy. This 
‘verage energy is equal to the integral, over the entire spectrum, of the 
monochromatic incident power distribution divided by an integral of the 
distribution of monochromatic photon incidence rate. The latter integral 
extends over the spectrum from short wavelengths to the long-wavelength 
limit Am of the characteristic absorption band for electron-hole pair 
production, which is about 2.2 microns for germanium and about 1.2 
microns for silicon (Ref. 15). Another property of the semiconductor 
is involved in that correction should be made for the loss by reflection. 
lor the semi-infinite semiconductor, to which sharp cutoff at Am applies, 
it suffices for this correction to multiply the photon distribution by 
(1 —r), where r is the reflection coefficient. By simultaneously taking 
into account reflection loss and the cutoff near A» in their dependence on 
semiconductor thickness z, a less idealized ¢qy may be determined. For 
this purpose, the photon distribution is multiplied by the fraction 

=[1—r][1 —(1—r)e—** — re] /[1 —p2e—2a7] (18) 
of photons absorbed. Here « is the absorption coefficient, which, with r, 
(lepends on A. This readily-derived expression takes account of multiple 
internal reflections and applies if z is large compared with Am, so that 
interference may be neglected. It is evident that & becomes small, with 
@, near Ap. 

These considerations apply directly only if there is negligible recombi- 
nation of added carriers on the surface of the semiconductor or in its 
volume. Theoretical correction for recombination seems impractical for 
beta radiation because, with scattering, the distribution of volume rate 
of carrier production is not easily specified. For optical radiation, how- 


over, such correction is easily made. The relevant theory is given in the 
Appendix of this paper. 


3.2 Inuusrrative Apptications. Radioactive Source. For an illustra- 
tive numerical estimate that applies, for example, to an unshielded layer of 
Hr’? Y° of about 0.2 curie on silicon, let I, = 10~* amp and (for an 
area of about 1 cm?) Ro = 10° ohm, Then, at room temperature, G = 
4870, ¢ = 500, R = 2000 ohms, J = 81 vamp, V = 0.16 v, W», = 13 micro- 
watts, and & = 3,8 per cent is the ideal efficiency, 

Solar Radiation, A numerical estimate of some interest is one for solar 
radiation, By suitabiy modifying the distribution in wavelength of solar 
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energy outside the atmosphere for (wavelength-dependent) atmospheric 
absorption with the sun 60° from the zenith for average cloudless weather — 
at sea level (Ref. 17), total incident power, aside from a minor contribution — 
of diffuse sky radiation, is found to be 0.089 watt/cm? at normal inci- 
dence (which is 15 per cent less than the value for the sun at the zenith), 
From the corresponding distribution of photon incidence rate multiplied 
by 0.68 to allow for a reflection coefficient of 0.32 for silicon (Ref. 18), it is 
found that 2.47-10'7 em ~?/sec is the photon incidence rate up to 1.2— 
microns, which corresponds to an ideal source current I, of 0.027 amp/ 
em”, Thus, for a thick silicon cell under these conditions, ¢ay = 3.3 ev, 
Nav = 0.37 micron, and if Ro = 10° ohm cm”, then G = 1.04 X 10° at 
300°K, z = 8.4 X 10*, R = 11.9 ohm cm’, J = 0.024 amp/cm’, v= 
0.29 v, Wm = 7.0 X 10° watt/em?, and & = 7.8 per cent is the ideal 
efficiency. 

The circumstance that photocurrents not much less than this value of I 
(which is nearly I) have been observed indicates that recombination did 
not cause a major reduction of output in the thin-surface layer, boron 
diffused silicon cells tested (Ref. 19). For these cells, A is about 2 or 3, om 
interpretation for which is that an Ro of the order of 10° ohm-cm? properly 
applies, measured values being of the order of 10* ohm-cm” perhaps as 
result of junction non-uniformity or edge leakage. With no reflection loss, 
I, = 0.040 amp/cm2, éay = 2.25 ev, and Nay = 0.55 micron for the condi 
tions specified; and if Ro = 10° ohm cm?, then, at 300°K, R = 10.5 oh 
em?, Wm = 16.3 X 10~* watt/cm”, and & = 18 per cent is the ideal effi 
ciency. Note that R is approximately independent of Ro in the non-linea 
range in which z is approximately proportional to G. 


4 AVAILABLE RADIOACTIVE SOURCE POWERS 


Available source power may be defined for the radioactive case as t. 
rate at which beta energy is absorbed in the semiconductor. Dividing 
by the energy ¢ required to produce an electron-hole pair gives the flux 
current carriers across the junction, assuming that all are collected. Th 
energy flux is determined by the activity of the isotope and by the fracti 
of the energy of the isotope layer which is transferred to the semiconducto 
These quantities will be considered separately. The latter applies p 
ticularly to thick layers. 

Properties (Ref. 20) of a number of pure beta emitters of interest a 
listed in Table 1. Included also are Co and Cs!37-Ba'’? which e 
both betas and gammas. Ideal activities have been computed as follows 
If all the atoms were radioactive, the mass per curie would be (CM7r/A) 
curie, where M is molecular weight; C = 3.7 X 10!°, the number of d 
integrations per curie per sec; and A = 6,03 X 107%, Avogadro’s numb 
Since r = ry,/In 2 = 1.447,, when 7 is the average life and ry, is the 
life, the corresponding number of curies per unit mass, or the ideal activi 
is (1.13 X 10'8/Mry) curie/gm. For the fission products, the speel 
activity is taken as roughly 0,1 of the ideal activity, unless otherwise kno 
from published data, 
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TABLE 1 PROPERTIES OF RADIOACTIVE ELEMENTS 

Specific 

Half- | Maximum Den- ei of Ideal Activity 

Element life Energy sity ‘Al a Activity | curie/gm 

Ty Mev gm/cm? jon, curie/gm es 

Cobalt 60 5.2y 0.318 8.9 0.083 | 1.15 x 10 1.10 

1.17, 1.33y 
Strontium 89 53d 1.56 2.55 0.68 2.8 < 10*| 3000 
Strontium 90 20y 0.548 2.55 0.22 200 16 
Yttrium 90 62h 2.28 5.5 1.06 200 16 
daughter 
Promethium 4.4y 0.228 0.049 500 50 
147 
Thallium 204 2.7y 0.788 11.9 0.30 650 65 
Calcium 45 | 180d 0.258 1.54 0.06 1.6 X 104] 1600 
Cesium 137 33y 0.58 1.9 0.16 79 11 
95% 
1.28 0.51 
5% 
Barium 137 2.6m 0.66y 3.5 79 11 
daughter 














lor a thin layer of isotope, self-absorption is negligible, and sub- 
stantially one-half of the radiated beta energy is absorbed in a semi- 
conductor to one side of the layer. As previously indicated, the layer 
oun be confined between two slabs; but illustrative analyses are based 
on the simpler arrangement utilizing radiation from one side only. While 
backscattering may cause some 40 per cent of incident betas to leave the 
semiconductor (Ref. 21), this effect can be nullified (and, in fact, over- 
Compensated for) by placing a thickness of backscattering material be- 
lind the isotope layer. Hence, backscattering will be neglected. 

self-absorption sharply reduces the fraction of beta energy which emerges 
from a thick isotope layer. The energy spectrum of emergent electrons for 
a thick layer of Sr®°-Y°° may be calculated from the theory of Wey- 
mouth (Ref. 22) for a semi-infinite beta-emitting solid. While the exact 
beta spectrum could be taken into account, it will be an adequate approx- 
imation to assume source electrons of the average energy for Y°°, 0.89 Mev. 
Weymouth’s distribution of emergent flux in path length can be trans- 
formed into a distribution in energy (Ref. 23) and for an assumed density 
of metallic strontium, the spectrum so obtained gives 2.9-10~? 9t per cm*® 


electrons emergent, for 9t electrons/em® in the source, with an average 
emergent energy of 0.57 Mev, The 9 per sec for 41 curie/em® (or 16 
urie/gm) then gives 4.3 < 10!°/om* seo for the flux of emergent electrons 
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and an energy flux of 2.5 X 10'° Mev/cm? sec. This energy flux corre- 


sponds to a “thin” layer, or layer without self-absorption, of 1.49 curie/cm?, 

It appears, therefore, that 1 curie/em? (assumed in the illustrative 
numerical examples of the following section) is approximately represen- 
tative of the largest available source powers for planar sources of Y® of a 
specific activity of 16 curie/gm. The assumption that such a source is 
“thin,” namely, that its spectrum is the beta spectrum of Y®, is not 
strictly correct, but provides a reasonable approximation. 

Note that if scattering is neglected (as discussed in Section 8.4) ani 
also if proportionality of range and energy is assumed, then the emergen 
electron flux is 5.4 X 10!° cm~2/sec and the energy flux is 2.4 x 10 
Mev/cm2sec, which do not differ much from the more accurate valu 
(Ref. 24). 


5 RADIATION DAMAGE 


5.1 Inrropuction. As determined from studies of the effect on co 
ductivity, high-speed electrons introduce acceptor centers, and these am 
presumed to be associated with vacancy-interstitial pairs in the latti 
(Ref. 25). Lifetime is materially reduced by radiation which p 
duces any appreciable conductivity change. Radiation damage reduc 
cell efficiency primarily by bringing about recombination of the add 
current carriers before they can diffuse to the collector junction. It m 
also lower Ro, and, if n-type semiconductor faces the radiation source, 
opposing junction may be introduced by the conversion of the n-t 
material in part to p type. Radiation damage does not occur below 
threshold energy E; which is about 0.63 Mev for germanium (Ref. 26) a 
probably, as will be estimated theoretically, about 0.3 Mev for silicon, 

In the following, the total rate of lattice defect formation for an 
shielded source of Sr®°-Y®° on germanium is estimated. It is shown to 
comparatively large. With an absorber thick enough to obviate all rad 
tion damage, ideal over-all efficiency, estimated for 1 Curie per em? 
the isotope, is found to be very small for germanium: less than 10 
per cent. For a thinner absorber that permits damage at a rate roug 
commensurate with the half-life of the isotope, the corresponding 
ciency is found to be appreciably larger, but still small: less than 10 
per cent. No allowance is made for “self-annealing” of lattice def ' 
which, taking place at ordinary temperatures, may presumably re 
at least in part from local heating by betas. At the steady state of 
fect concentration, lifetime would in general be much reduced bel@ 
its initial value. 


5.2 Tue Y Bera Spectrum. For estimating rates of lattice-def 
formation by Sr®-Y® in germanium, it will suffice to consider the 
beta spectrum only, since the maximum energy for Sr is less than 
for germanium, The Y® beta spectrum is calculated in Section 8,2 of 
Appendix (Ref, 27) and is shown in Fig, 4, normalized to give one 
tron over the entire range, It is found from the figure that electrons f 
Y” have a mean kinetic energy of 0.89 Mey, 
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Fie. 4 The Y® beta spectrum. 


5.8 THE UNSHIELDED Sr%-Y®° Source on GERMANIUM. From ap- 
propriate theory and the Y®° beta spectrum, it is shown in Section 8.3 of 
the Appendix that the number of lattice defects produced in germanium 
hy a thin layer of Sr®°-Y®° is 0.010 per source electron. This number is 
the integral over the distribution of relative number in initial energy 
shown in Fig. 5. In particular, 1 curie of Y®° per cm? will produce de- 
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fects at the rate 3.6 x 108/cm’sec. Since they are produced to a 
depth of 0.156 cm, the space-average rate of increase of defect concen- 
tration is 2.3 X 10°/cm’sec, provided all defects that are produce 
remain. By taking the electron-hole recombination cross section (Ref. 
28) as 10-16 cm?, and thermal velocity as 107 cm/sec, the average minor 
ity particle lifetime after t sec resulting from the defects alone i 
[ (2.3 < 10%t) (107) (10-18) ]-1 sec. For t = 8.64 x 10* sec or 1 day, 
it is found that the minority particle lifetime is reduced to 5 psec fo 
the particular surface concentration of the isotope, if no self-annealin 
occurs. 


5.4 ABSORBER FOR COMPLETE Protection. To prevent formation 
lattice defects an absorber of thickness x = 8s» — s; may be placed be 
tween the layer of isotope and the semiconductor, where s,, and s; are, 
spectively, the ranges for electrons of maximum energy, E,», and 
threshold energy, EZ; For Y®® and germanium, £,, = 2.20 Mev a 
E; = 0.63 Mev. In Section 8.4, the emergent energy spectrum and al 
the distribution of total emergent energy in initial energy are calculates 
for this absorber (of thickness 829 mg em~?, or 0.307 cm of aluminum 
using the simplifying assumption that there is no scattering. Th 
spectra are shown in Fig. 6. From them, an upper limit of 2.8 x 1074 
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Fie. 6 Emergent energy spectra from Sr-Y% for each of two absorbers, 
the corresponding distributions in initial energy of total emergent ene 
(I) Absorber of thickness 829 mg/cm? (or 0.807 em of aluminum) 
complete protection of germanium. (II) Absorber thickness 669 mg/ 


(or 0.248 cm of aluminum). 


obtained for the fraction F of total energy which penetrates the absor 
For a layer of 1 curie/em?, the corresponding J, is 2.5 x 10~7 amp, 
suming collection to one side of the layer only. Taking Ro as 10° 
em?, a representative value for germanium, the ideal efficiency for 
electrons that penetrate is 2.1 x 10~* per cent, and the ideal overs 
efficiency (ignoring the Sr” electrons) is 5.8:10~7 per cent, 

A rather small fraction of the energy penetrates this absorber, As F 
6 shows, all electrons from the Y° spectrum whose initial energies are | 
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than 1.78 Mev are completely stopped. Since maximum initial energy is 
only 0.42 Mev larger, electrons that penetrate the absorber from a point 
in the source have paths that lie within a comparatively narrow cone. 
In addition, multiple scattering, which ultimately makes the path of an 
electron more or less statistically random in direction, makes F a good 
deal smaller than the calculated upper limit. 


5.5 AN ABSORBER FOR ParTIAL PROTECTION. Considerably higher effi- 
ciency is obtainable with a somewhat thinner absorber, since F depends 
rather critically on thickness. Because of multiple scattering, a fairly 
rigorous calculation of rates of energy transmission and lattice defect 
formation for such an absorber would be rather involved (Ref. 29). The 
neglect of scattering appears, however, to be quite adequate in that it 
provides comparative estimates of the rates of energy transmission and 
defect production, the calculated rates themselves actually applying ap- 
proximately to a thickness smaller than that assumed. These points are 
discussed in Section 8.6, and in Section 8.5 is given the theory employed 
for the volume rate of defect production. 

For a hypothetical nonscattering absorber of thickness 669 mg/cm?, or 
(0.248 em of aluminum, about 20 per cent thinner than the one for complete 
protection, the maximum energy of emergent electrons is 0.94 Mev. The 
volume rate of defect production in the semiconductor just beyond this 
absorber is found to equal 4.8 X 10~° ®/cm'sec, where ® is the number 
of source electrons per cm? per sec. Thus, for ® = 3.7 X 10!°/cm?sec, 
or 1 curie/em?, the defect concentration would increase at the rate 1.78 
 10°/cm*sec to a concentration of about 10'°/cm? in the 20-year half- 
life of the isotope, provided all defects that are produced remain. The 
vorresponding minority carrier lifetime would be of the order of 1 usec. 
Curves II of Fig. 6 give the emergent energy spectrum and the distribution 
of total emergent energy in initial energy; a fraction 9.9 X 107% of elec- 
trons emerge with an average energy of 0.29 Mev, and the fraction F of 
total energy which penetrates the absorber is 3.3 X 107°. For 1 curie/em?, 
the over-all ideal efficiency (ignoring the Sr®° electrons), taking Ry as 10? 
ohm cm?, is 7.8 X 10~> per cent. 


§.6 TsxRESHOLD FoR RADIATION DAMAGE IN Siuicon. Silicon seems 
more promising than germanium for p-n junction power sources, prin- 
cipally because the larger junction resistance Ro obtainable with silicon 
makes for higher efficiencies; the estimates of radiation damage have been 
wiven for germanium because the relevant physical magnitudes are known 
with adequate accuracy for this material. A theoretical estimate of the 
radiation damage threshold for silicon (Ref. 30) is about 0.3 Mev. This 
estimate is obtained by assuming that a minimum energy EF; of 30 ev must 
be imparted to the atom to displace it to an interstitial site, the same as 
that calculated (Ref, 31) for germanium from the experimental threshold 
electron energy, Z;, in accordance with 


By,/me® = 2(m/M)|(H,/me*)* + 2(8/me*)), (19) 
in which m and M are the electronic and atomic masses, respectively, 
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The assumption is plausible, since the lattice constants differ but slightly, 
and the molar cohesive energies are considered to be equal (Ref. 32). 
somewhat qualitative refinement of the estimate involves assuming that 
(Ref. 33) EH, is inversely proportional to volume compressibility divid 
by atomic volume, whence (Ref. 34) H, for silicon is 17 per cent large 
than for germanium, and the estimate of EH; is increased by 15 per cen 
It seems likely that the estimated threshold for radiation damage in sili 
con of 0.3 Mev is good to within 20 per cent. Thus, for silicon the ad 
vantage of larger Ro is probably offset by lower E;. 


6 EXPERIMENTAL RESULTS 


A variety of silicon and germanium junctions was exposed to b 
radiation from Sr®°-Y®, as shown in Fig. 7. The source was an R 


i | 
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Fic. 7 Experimental Sr-Y® p-n junction cell. 


medical applicator (from Tracerlab, Inc., Boston) in which the iso 
was a thin layer, about 0.5 cm in diameter, containing 0.05 curie each 
Sr®? and Y® as carbonate. The weight of isotope was about 0.025 
giving a specific activity of 4 curie/gm. 

The layer of isotope was covered by 100 mg/cm? of metallic shieldi 
which stopped most of the Sr®® betas and materially lowered the ene 
of emergent Y® betas. An approximate calculation, based on the 
beta spectrum of Fig. 4, shows that only about 16 per cent of the 
beta energy in the layer penetrated the shield. 


6.1 Smticon Cetu. A junction prepared by diffusion of lithium 
donor, into p-type silicon by a method attributed to Fuller (Ref, 
was tested as a power source, Its area was 0.15 em® and it lay a 
0,002 em below the upper face of the silicon slab, 0,05 om thick, 
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diffusion length in the p-type silicon, measured before the junction was 
prepared, was about 0.02 cm. It is estimated that about 60 per cent 
of the emergent betas were intercepted by the junction and that about 
25 per cent of the energy of those intercepted, neglecting backscatter- 
ing, was absorbed within a diffusion length of the junction. 

Electrical characteristics of this cell are shown in Fig. 8. The apparent 
maximum power W,, was 0.13 x 10—® watt at 25°C, for a load resistance 
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LOAD RESISTANCE, R, IN OHMS 


Fic. 8 Electrical characteristics of a Sr®°-Y® silicon p-n junction cell. 


R of about 1.2 x 10° ohm. At —11°C the apparent W,, was 0.3 x 10~° 
watt for R of about 2 X 105 ohm. This junction had an unusually high 
sories ohmic resistance, R,, the value being about 8 x 10* ohm. Consider- 
ing R, as part of the load, it is found that Wy is 0.23 x 10~® watt and R 
in about 1.5 X 10° ohm, at 25°C. 

The following efficiencies will be computed: &1, that based on total source 
power; &, that based on power incident on the semiconductor; &3, that 
bused on power absorbed within a diffusion length of the junction. From 
data given, these are estimated to be: 


(0.13 - 10~®) (100) by 1.3-10~° 
“5 (0,1)(3.7+10!)(1.6-1071)(0.55- 10°) 3.3-10~ 
where 0.55 Mev is the mean energy of Sr’’-Y® betas computed from the 


(21) 


= 0.040% (20) 


hota spectra; 


By = &1/(0,16)(0,60) (0,80) = 0.5%, 
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where 0.80 is the fraction of the energy of the mixture which arises from 
Y°° betas, the energy of Sr® betas being assumed lost; and 


&3 = &2/(0.25) = 2.0%. 


If R, is included as part of the load, then &3 ~ 3.5 per cent. 

Of these, &; and & are of incidental interest only, because they depend 
largely on experimental geometry, which was not too favorable. They 
indicate the expected order of magnitude for a planar silicon junction, 
They are high in that the shielding has been insufficient to lower the beta 
energy below ;; but they are low in that larger Ro and diffusion length 
can be expected. 

For comparison of these efficiencies with the ideal efficiency & the quan- 
tities G, z, and ¢ are required. Taking the short-circuit current, 1.5 X 107 
amp, as J, and taking the value 5 X 10°, obtained from the current-volta; 
characteristic of the junction (in the absence of radioactivity) as Ro, We 
obtain 290 for G, which corresponds, from Fig. 3, to z = 58. Using th 
value ¢ = 3.6 ev for silicon, we obtain & = 2.4 per cent from (16), whic 
is of the order of &3 above. Accuracy of the various estimates involv 
is insufficient for more detailed comparison. 

Lowering the temperature can be expected to increase the output power 
of a radioactive junction cell in two ways: by increasing Ro, thereby in- 
creasing the cell voltage, and by increasing the diffusion length, thereby 
increasing the cell current by increasing the fraction of carriers collected, 
Both of these effects can be observed in the curves of Fig. 8. 


(22) 


6.2. GerMANium CeLu. A germanium junction prepared by cryst 
pulling (Ref. 36) was tested. Its area was 0.4 cm?; it lay, n side upper 
most, 0.1 em below the upper face of the block. Diffusion lengths we 
about 0.06 em and about 0.03 em in the n-type and p-type regions, re 
spectively. It is estimated that 90 per cent of the emergent betas we 
intercepted by the semiconductor and that about 40 per cent of the ener 
of intercepted betas was absorbed within a diffusion length of thi 
junction. 

Cell characteristics at room temperature appear in Fig. 9. While th 
short-circuit current, about 4 x 10-® amp, was greater than for the sili 
con cell, the W» of 3.3 x 10-® watt was far less because of lower june 
tion resistance. Measured Ry was about 1000 ohms; RF from the cell da 
was about 800 ohms. For the observed low output voltage, one woul 
expect z = Ro/R to be close to unity. 

Efficiencies are: 0.001 per cent for &;; 0.009 per cent for &); and abou 
0.021 per cent for &3. These may be compared with an ideal efficiency 
0.034 per cent, computed from Ro and the short-circuit current. 

The influence of diffusion length and geometry for junctions such 
these is illustrated by the following: A junction identical to the abov 
except that the n-type layer was 0.2 em thick, instead of 0.1 em, had 
maximum power of 2.2 * 107! watt, lower by a factor of 15, Testi 
with the p-type side uppermost lowered W,, by a further factor of 1 
because of lower diffusion length on this side, 
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Fic. 9 Electrical characteristics of a Sr®-Y® germanium p-n junction cell. 


Lowering the ambient temperature of the cell of Fig. 9 from 25°C to 
-10°C increased W,, to 0.8 X 10-7 watt, a factor of 24, and increased R 
by a factor of about 10. 


6.3 Raprtation Damace. While the average energy of incident betas 
was less than E;, for germanium at least, betas of energy greater than 
l), were present for both silicon and germanium and formation of lattice 
defects was to be expected. The short-circuit current Jo of the silicon 
cell did, indeed, decrease by about 45 per cent in two days. However, 
after 5 weeks at room temperature, in the absence of radiation, Jp rose to 
(2 per cent of its original value, and after an additional 24 hr anneal 
at 110°C, Io returned to its original value. While further experimentation 
is indicated, these preliminary results suggest that it may be possible to 
prevent cumulative radiation damage at this level of irradiation by 
periodic anneals at 110°C or by operation at an elevated temperature. 


7 DISCUSSION 


The structures and materials which have here been considered for radio- 
active junction cells by no means exhaust the design possibilities. They 
do provide a basis, however, for a preliminary evaluation of the po- 
(entialities of such devices, and such evaluation will be made in this 
section. 

It, has been shown that the maximum source power available to one side 
of a thick layer of isotope is roughly one-eighth of that generated in a mean 
beta range, and this expectation was verified by a more exact calculation 
for Y, For an activity of 16 curie/gm, this maximum power is 2.5 X 10'° 
Mev/cm?sec. If all electron-hole pairs are utilized, this*source power 
corresponds in germanium (for Ro = 10* ohm em?) to: J, = 0.0013 
amp/em’, W», = 65 microwatt/em?, and ideal efficiency, & = 1.7 per cent; 
and in silicon (for Ro « 10° ohm om*) to: J, © 0.0011 amp/em’, Wm = 


40 microwatt/om’, and ideal efficiency, 6 & 8,6 per cent, 
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These ideal efficiencies do not take into account the fact that all of the 
beta energy is not used. For a layer thickness equal to a beta range, 
these efficiencies should be divided by 8. However, by using a thinner 
layer of the order of one-eighth beta range in thickness, and by using an 
array of alternate layers and junctions, efficiencies not much less than the 
values given above can in principle be obtained. 
However, for these cases, the energy and intensity of the radiation 
are such that radiation damage occurs at an excessive rate. It may be 
circumvented by using a less energetic isotope, by interposing an ab- 
sorber, or by annealing. The first means is preferable to the second 
It has been shown that considerably less than 0.03 per cent of the energy 
from a thin Y® layer would penetrate an absorber for complete protee 
tion of germanium. On the other hand, from a layer of a hypothetiea 
beta emitter of maximum energy equal to the threshold energy for lattie 
defect formation, energy equal to about 5 per cent of that in the Y® laye 
would emerge, assuming equal activities. 
For silicon cells and solar radiation, the ideal efficiency of 18 per cer 
given in Section 3 applies, for the conditions specified, while the sun i 
shining. The value given for incident power is larger by a factor of 5 thas 
the corresponding average over the entire year which takes night, weather 
and varying angle of incidence into account. It follows that for the con 
version of solar energy an average W,, of about 3 X 107% watt/cm? 
be obtainable, with an & (equal to the ratio of this power to the averagt 
solar input power) of about 15 per cent (Ref. 37). 
Increased efficiency may be realized by increasing G = qI,Ro/kT, he 
by increasing J, or Ro; and, principally through the effect on Ro, by di 
creasing the temperature 7. It is obtainable also by use of junctions fé 
which voltage increases comparatively rapidly with forward current. / 
necessary condition for this behavior is A > 1, as discussed in Section 
values of A of about 3 have been observed. For given Ro and J,, in j 
tions of suitable types, cell voltage V, power W», and ideal efficiency & 
proportional to A. It is readily shown for the optical case that § can ati 
values not much less than Agy/Ag, where Ag is the long-wavelength limi 
if V is less than the energy-gap voltage only by the amount required f 
charge separation. For solar radiation (see Sec. 3.2) with no reflection le 
a theoretical upper limit for & is accordingly 46 per cent. (An estimate 
about 23 per cent is based on an assumed cell voltage of 0.5 for silicon 
For essentially monochromatic radiation of wavelength near Ag, and A ¢ 
suitable magnitude, & could in principle be a major fraction of 100 per cen 


8 APPENDIX 


8.1 Tue Errect or RECOMBINATION IN THE PHOTOELECTRIC CASR, 
quantum efficiency Q may be defined as the ratio of the number of cur 
carriers, or electron-hole pairs separated by the junction, to the numb 
of absorbed photons, each of which produces one electron-hole pair 
germanium and silicon, Consider a semi-infinite semiconductor with 
plane junction (at which added carrier concentration is zero) at dep 
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« = 2; recombination on the surface with velocity s; diffusion lengths 
L, and L, respectively, fer recombination in surface layer and in the bulk 
of the semiconductor; and added carrier generation rate proportional 
to exp (—ax), as given by Lambert’s law of photon absorption, where « 
is the absorption coefficient at a given wavelength. 

The small-signal differential equation (Ref. 38) for added carrier con- 
centration written for zero total current density (Ref. 39) provides solu- 
tions from which carrier flow into the junction may be evaluated. Con- 
tributions from both sides are added, and Q is found to be given by 


: — exp (Le! — a)x4]/[1 — (aL,)~*] — [(S — 1)/(S + = 


Q a x {1 — exp (-L, aa a)xs]/[1 + (aL) ] 
exp (%./Ls) — [(S = 1)/(S + 1] exp (—2,/L,) 
+ [exp (—ax,)]/[1 + (aL)~"], (28) 
in which 
S = sL,/Do, (24) 
with 
Do = kT unup(no + Po)/o0 = (Mo + Po)/(Mo/Dp + Po/Dn) (25) 


the small-signal ambipolar diffusivity, in a familiar notation (Ref. 38). 
Various special cases of (23) may be of interest, such as those for s zero 


or infinite. If the wavelength is short so that (aL,)~ is small, then, to the 
first order in this quantity, 


2(1 + S/aL, 
Q (1 + S/aL,) 


~ (S + 1) exp (t,/L,) — (S — 1) exp (—2,/L,). 


8.2 Tue Y® Bera Spectrum. The spectrum may be obtained from 
the same approximation (Ref. 40) of Bethe that was employed to repre- 
sent spectral data in the modified Kurie plot which gives a straight line 


(Ref. 41). The distribution of relative beta intensity B(E») in kinetic 
energy Eo is accordingly given by 


(26) 


B(Eo) «© ¥?(¥m — ¥)?[(1 + 402)y? — 1]°7! 


X [1 — exp (—2may/(y? — 1)%]7-[(y? — 1) + (Ym — ¥)?], (27) 
where 


Y = 1+ Eo/me? (28) 


in the total energy of the electron in units of its rest energy, moc? = 0.511 


Mev; Ym = 5.31 (or Hy = 2.20 Mev), determined from the Kurie plots, is 
the upper limit of the spectrum; and the other constants are 

am Z/187, Z2=40; om (1 —a’)%, (28a) 
The expression for B(Ho) is the approximation rewritten in accordance 
with Fermi theory and modified by introduction of the last factor on the 


right, 
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8.3 Tora, Lattice DEerect Propuction Rate: UNSHIELDED Y®? AND 
GrerMANIUM. It will suffice to assume linear variation with path length — 
of the cross section & for lattice defect production. (From theory for 
in germanium, a linear increase with electron energy from the threshold 
value, 0.63 Mev, to 2.20 Mev underestimates it near the center of this 
range by no more than 20 per cent (Ref. 42). The range-energy relation- 
ship is such that the error is somewhat less with the assumption of linear 
variation with. path length.) Thus, if 3 equals (Ref. 25) 50 x 10-4 cm? 
at 2.20 Mev, then 


= = 3.2-10~7? As cm?, As = 8s — 8, (29) 


where s; is the range s in cm that corresponds to the threshold energy. For 
a rate of generation ® of electrons of given initial energy Ho and range 8 
by the isotope layer per unit area, 44RNZd(so — s) defects are produced 
in path length d(s) — s), where N = 4.42 X 10?/cm® is the concentra- 
tion of germanium atoms. The defect production rate for Ho, neglecting 
backscattering, obtained by integrating from 0 to Aso = (so — s;), is thus 
YANA As)’, in which A = 3.2 X 107” cm for germanium. This expres- 
sion is D(O), a special case of a function given by equation (42). 

Multiplication by B(Eo) gives the distribution in Zo of defect production 
rate for the unshielded isotope, provided Aso is expressed in terms of Ho, 
This is accomplished by means of the empirical range-energy relationship 
(Ref. 43), 

s= 0.412p—! Hy1:765—0.0954 In Eo cm, (30) 
where p is the density (Ref. 34) of the semiconductor in g/cm*, and Eo 
in Mev. The relative distribution (for ® = 1) so obtained for Y°° is sho 
in Fig. 5. Its integral over Eo equals 9.6 X 10~%, in accordance wi 
which, for ® = 3.7 X 10!°/cm?sec, or 1 curie/em?, defects are produ 
at the rate 3.6 X 10°/cm?sec or 0.010 defect per source electron. 

Note that 4RNA Aso?/(10°Eo/e) is the ratio of total electron-hole p 
production rate for initial energy Eo (with Eo in Mev, ¢ in ev). For ge 
manium, this ratio increases from zero at the damage threshold to abou 
2X 1077 at 2.20 Mev. For any specified distribution of electrons in initi 
energy, the number of lattice defects per carrier pair is the ratio of th 
integral for total defect formation to the corresponding integral of 10°Eo/¢ 


8.4 ELEctron TRANSPORT THROUGH AN ABSORBER WITH NEGLIGIB 
Scarrerinc. With no scattering, the emergent energy HZ of electro 
which leave a thin-layer source on an absorber of thickness x at angl 


6 to the perpendicular, for initial energy Zo, is that which correspon 
tos in 


8 = 8 — xsec), (31 

The relative number of electrons in the element of angle dé is 
n(0) dd = V% sin 0 dé, (3 

the expression on the right being the solid angle, The distribution in 
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obtained by eliminating @ from (32) in favor of EZ by means of (31), is 
n(E) dE = ie SE" if0<E<E(s—2) (38) 
0-dE, if Z > E(so — 2). 
The energy spectrum of emergent electrons is 
[0° nace) am = 2 — [es we 
Eo(s+2) 2(dE/ds) Jays42) (89 — 8)” 
in which Eo(s + 2) is the Hp that corresponds to so in 
S =st+uz. (35) 
The derivative in (34) may be evaluated from 
dE —1.919pH~0-265+0.0954 In B 
a = = eiime Mev/cm (36) 


with p as in (30). ; It is instructive to consider also the distribution of total 
emergent energy in incident energy Eo, which is given by 


8=8)—a 80 A _ 
En(E) dE = VeB(Eo) dEv: f a) 


B(Eo) dEo: 
(Eo) of =o 


(37) 
per source electron (Ref. 44). 

Curves I of Fig. 6 are these distributions, for the 829 mg/cm? absorber, 
computed from (34) and (27). From the energy spectrum shown at the 
left, it is found that the fraction of emergent Y® electrons is 1.38 x 10-3, 
with average energy 0.185 Mev. The total energy per source electron is 
thus 2.5 x 10—4 Mey, or 250 v, which may also be obtained by integrat- 
- distribution of total emergent energy in Ey shown at the right in 
the figure. 


The number and energy of electrons that would emerge from a thick 
isotope layer if there were no scattering are given by the spectrum, 


%o- ot dE 
a diie gw (oy HO he ) 
: aanjas NOS FS % a8 
0-dE, ifE> Es, 


for 9 source electrons, each of energy Ho, per unit volume. Since dE/ds is 
roughly constant over most of the range, this result shows that the total 
number of emergent electrons is approximately so per unit area, with 
average energy 14K, so that the average emergent energy F is about one- 
eighth of the energy of electrons within a beta range. For Hy = 0.89 Mev, 
PB = 0,11189% Mev/em*, while Weymouth's theory (Ref, 22) gives B= 


0.116499 Mev/om? for this Zp and metallic strontium, 
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8.5 Vo.tuME Rate or Lattice DeErect FORMATION FoR NEGLIGIB 
ScarTerinc. The number of defects per source electron of initial ener 
Ey produced in the element of angle d@ and in path length d(so — s) 0 


in dz is 
YeNZ sin 6 d6 d(s) — s) = 144NZ tan 6 dé dz, 
introducing dx by means of (31). Since, from (29) and (31), 
z = A(Asp — xsec6)cm?, <A =3.2 X 10-7 cm, 


the relative number of defects per em? in dz is 


(39 


(40 


cos—1z/Asy 
Yen av: f > tan 6d = W4NAzx 
° X [(Aso/x) In (Aso/z) — {(Aso/z) — 1}] dz, (41 


with 0 <x < Aso = 89 — 8. The coefficient of dz, for given x, multiplied b: 
@B(Eo) provides the distribution in Ey of the rate of formation of defec 
per unit volume. 

The total rate of defect formation D(x) beyond depth x is ® times the 
integral of (41) from x to Aso, or 


D(x) = YARN Az?(14((Aso/x)? — 1) — (Aso/x) In (Asp/x)]. (42 


Note that D(O), which was derived directly in Section 8.3, is not subjee 
to error from the neglect of scattering. 

It is consistent with the assumption of no scattering that the volume ra 
of defect formation beyond an external absorber at the semiconductor su 
face is that which would obtain without the absorber at the correspondi 
depth in the semiconductor. Thus, the rate in germanium at a depth 
0.126 cm is the rate at the surface for an absorber of thickness 669 mg/cm’ 
This rate for Y°°, calculated from (41) and the beta spectrum, is found 
equal 4.8 X 107° ®/cmsec. 


8.6 THe Errect or Muttipte Scatrerinc. As a result of multip 
scattering, beta electrons travél in paths that are substantially straigh 
only for an initial fraction of total range. This fraction (about 0.3 i 
aluminum (Ref. 45) for Zo = 0.89 Mev) changes comparatively slowl 
with Zo. Beyond the corresponding path length, or diffusion limit, the 
transport is largely random in direction and diffusive in nature. Approxi 
mate corrections to the dependence on perpendicular distance calculate 
according to the theory that neglects scattering may be obtained fro 
the diffusion theory (Ref. 46). The “detour factor” (Umwegfaktor) 
the ratio of actual path length to average perpendicular transport dis 
tance for electrons at the end of their range. The rate of radiation dam 
age and average emergent energy calculated for a nonscattering absorb 
do not apply to the thickness assumed, but approximately to a small 
thickness equal to the diffusion limit plus the remaining thickness divid 
by the detour factor U. 

The average initial energy of emergent electrons for the thinner ab 
sorber is 1.85 Mev, from Fig. 6. The corresponding diffusion limit 4 
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aluminum is 0.145 cm, at which the energy, Ea, is to be taken as (Ref. 45) 
1.0 Mev. If sq is the range for energy Ez, the detour factor is (Ref. 46) 


pt dE 
Y= 7, r= ——__» 
s/t, F f « dE/ds 


where x is the reciprocal of the transport mean free path. By employing 
equation (36) and an approximation of Lewis (Ref. 47) for x, evaluating 
the integral, and noting that sg is 0.155 cm, it is found that U equals 1.6. 
Hence the estimates of defect production and energy transmission obtained 
by neglecting scattering apply actually to an aluminum absorber of approx- 
imately 0.21 cm rather than to the 0.248 cm assumed. 

Tacit in these considerations is the assumption that multiple scat- 
tering does not appreciably affect the shape of the emergent energy 
spectrum, namely that the spectrum computed for 0.248 em and straight- 
path transport is substantially that which obtains for an aluminum ab- 
sorber 0.21 cm thick. Since the diffusion limit occurs at a roughly con- 
stant fraction of total range, multiple scattering will result in a some- 
what greater relative number of emergent electrons of the higher ener- 
gies, compared with the spectrum for the straight-path case. Thus, 
since there is a threshold for radiation damage, the damage rate is prob- 
ably slightly larger for the given rate of pair production than the 
straight-path estimates have indicated. 


(43) 
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8B. SILICON SOLAR ENERGY CONVERTERS * 
M. B. PRINCE 


Theory ts given for the design of silicon solar energy converters com- 
monly known as the Bell Solar Battery. Values are given for the various 
parameters in the design theory. Experimental data are presented and 
compared with the theoretical relations based on a simple model. 

It ts found that with present techniques, units can be made with up to 6 
per cent efficiency in the conversion of solar radiant energy to electrical 
energy. An important factor in obtaining such high efficiencies is the re- 
duction of the sertes resistance of the cell to as low a value as possible. 


INTRODUCTION 


With the development of the technique of solid diffusion in producing 
p-n junctions in silicon (Ref. 1), new silicon devices (Ref. 2, 3) are now 
possible for the first time. Among these is a large-area silicon photo- 
diode or solar energy converter (Ref. 3) commonly known as the Bell 
Solar Battery which has a higher conversion efficiency of solar radiant 
energy to electrical energy than any other device. 

This paper will present the theory for the design of solar energy con- 
verters. General relationships will be derived from which it will be shown 
that with the present status of semiconductor technology, silicon is the 


* Originally published in J, Appl. Phys, Vol, 26, May 1955, 

The author wishes to acknowledge several stimulating discussions with J, L. Moll, 
G, L, Pearson, D, M, Chapin, and ©, 8, Fuller, Much of the fabrication of the 
devices was done by T, J, Vasko, 
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best material available from which efficient solar energy converters can 
be made for use at temperatures near 300°K. 

With the use of reasonable anticipated values of various parameters, 
it will be shown that silicon solar energy converters should be producible 
with efficiencies as high as 10 per cent. At present, the best units are 6 
per cent efficient (Ref. 3). Reasons for this result will be given. 


GENERAL THEORY 


The problem of the photoelectric power converter may best be defined 
by considering the case of an ideal p-n junction with a constant cur- 
rent source in parallel with the junction. The constant current source 
results from the excitation of an excess electron density over the thermal 
value into the conduction band and the diffusion and drift of these car- 
riers across the barrier. The nature of the source need not concern us; 
it may be a photon source (solar radiation, y radiation, incandescent 
lamp, x-rays, etc.) a high-energy particle source (electron gun, -radio= 
active elements (Ref. 4), @ particles, protons, neutrons, etc.), or any 
other means for creating electron-hole pairs without changing the prop 
erties of the ideal junction appreciably (that is, without creating a larg 
electric field or high temperatures in the vicinity of the junction) 

The I — V characteristic of such a device is given as 


= Ig(etV*T — 1) — Ty, 


where Jp = reverse saturation current of ideal junction; q = charge oJ 
electron, k = Boltzmann’s constant, 7 = absolute temperature, ané 
I, = strength of constant current source. 

A plot of equation (1) is given in Fig. 1 for selected values of th 
parameters. It is seen that the curve passes through the fourth quad 
rant and therefore that power can be extracted from the device. B 
properly choosing a load, it is possible to extract close to 80 per cen 
of the product Ise X Voe where Ise is the short-circuit current ar 
Voe is the open-circuit voltage of the device. 

Let us calculate the maximum power that can be obtained from a sol 
energy converter exclusive of losses by recombination and series and 
shunt resistances. In bright sunlight at sea level, if every photon fall 
ing on a unit created one hole-electron pair that caused current to flo 
across the junction, there would be a short-circuit current of 0.08¢ 
amp/cm? of effective device area. However, the long wavelength lim 
for the creation of hole-electron pairs by photons depends on the energy 
gap of the semiconductor involved and this reduces the magnitude 0 
the highest possible short-circuit current to 0.044 amp/cm? in silico! 
and 0.068 amp/cm? in germanium. Further reduction of these valu 
occurs due to reflection losses. Even with “nonreflective” coatings. 
maximum short-circuit currents will be near 0.035 amp/cm? in silico! 
and 0,055 amp/cm?* in germanium, More will be said about this po 
sibility of improving present efficiencies later in the paper. One might 


Chapter 8: RADIATION SENsITIVE Device DEsI¢N 499 


think that by choosing semiconductors with lower energy gaps, one would 
obtain larger short-circuit currents and thus higher efficiencies. How- 
ever, as will be shown in the next paragraph, decreasing the energy gap 
reduces the open-circuit voltage at a much faster rate than the short- 
circuit current increases. 


IL=0.1 AMP 
Ig= 1079 AMP 


4 “1 
> =40 VOLTS 
kT 
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Fia. 1 Ideal J — V characteristic of a photocell or solar energy converter. 
The open-circuit voltage V,. at room temperature is given by 


Voc = 0.0575 logio (Iz/Io) v. (2) 


Therefore Vo. can be maximized by minimizing [p. 


Io is approximately 
given by 


Dy\* Dn\4 
Io = Pn (=) + qn (=) | X area (3) 
Tp qT 


n 


where p, = equilibrium density of holes in n region; n, = equilibrium 
density of electrons in p region; D,, rp = diffusion constant and lifetime of 
holes in n region; and D,, r, = diffusion constant and lifetime of electrons 
in p region, Consider a heavily doped p region in contact with a moder- 
ately doped n region, a favorable condition for low Jo using the diffusion 


technique, ‘Then 
Io Dy 4 
Jo = ——=&Gpn(—) » (8a) 
aren Tp 
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using the relationships 
ne 22310 ee? 
Dy = = (4) 


Nn Nn 
1 


and 


Nn = 
PrQbn 

where n; = equilibrium density of electrons in intrinsic semiconductor, 

Ny = equilibrium density of electrons in n region, pn = resistivity of n re 

gion, 4» = mobility of electrons in n region, and HZ, = energy gap of semi- 

conductor (volts). The open-circuit voltage can be expressed at 300°K ¢ 


0.062¢7°¥« / rp) \# 
Voc = 0.0575 logio Jz \_——_ (—_} (6) 
PnkBn Dy 





(5) 


where J, is the light current density. 

It is seen from equation (6) that, in order to obtain a large Voc, on 
should use a semiconductor with a large energy gap, low resistivity con 
sistent with the diffusion process, material with low mobility, and high 
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ENERGY GAP IN ELECTRON VOLTS 


Fic. 2 Maximum converted power density in bright sunlight as a function 
energy gap of semiconductor. 


lifetime. Assuming a lifetime of ten microseconds, a resistivity of on 
tenth ohm-cm, a mobility variation of p,H,?* = constant, and a diffi 
sion constant variation of DpE,?° = constant, one can calculate th 
maximum power density as a function of the energy gap. The last t 
assumptions are not important, in that almost any other assumptid 
would give results with less than a few per cent difference from the 
sults given in Fig. 2. It is seen that for optimum power, with respect 
the solar spectrum, the energy gap in the semiconductor should lie b 
tween 1,0 and 1,6 ev. Thus silicon, with a room temperature energy § 
of 1,08 ev, is ideally suitable as a material for solar energy conve 
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It is interesting to note that similar devices made from germanium would 
have about half the conversion efficiency of silicon devices. Since the 
solar radiant power density is 108 mw/cm? at sea level on a bright clear 
day, with the sun at the zenith, and maximum power density that can be 
obtained from a silicon unit is 23.5 mw/cm?, the maximum possible 
efficiency for a silicon energy converter would be 21.7 per cent. 

It is the purpose of this paper to explain why this efficiency is unat- 
tainable and to predict maximum designable efficiencies. 


THEORY OF SILICON SOLAR ENERGY CONVERTER 


As has been mentioned in the last section, the maximum J,, in silicon 
solar energy converters even with “nonreflective” coatings is about 35 
ma/em?, This fact immediately reduces the maximum efficiency to 17.2 
per cent or 18.6 mw/cm?. However, these figures are based on antici- 
pated values of various parameters; that is, improvement in the quality 
of the present silicon. The best values at present using the solid diffu- 
sion technique of introducing boron into n-type silicon are given in 
Table 1. Using these values, one finds the maximum expected power 
density P4 to be 


P4 = 0.8JseVoc = 0.8 X 0.025 X 0.58 = 0.0116 watts/cem? 


or the maximum expected efficiency to be 10.7 per cent. 


TABLE 1 
Item Best Value Limiting Factor 
Jaco = JL 25 ma/cm? Reflection 
Tp 10~7 sec Diffusion technique 
p 0.1 ohm-cm Surface solubility of B in Si is 
about 1018 em~* 
Dy 10 em?/sec Consistency with high 7, and p * 
em? ‘ 5 / 
Bn aaa Consistency with high rp and p 


«M. B. Prince, Phys. Rev., Vol 93 (1954), p. 1204. 


ven 10 per cent efficient units have not been made, and reasons for 
(his fact must be given. Up to the present discussion only ideal junc- 
(ions have been considered. Now let us consider a practical unit. It 
inay have some shunt resistance R,,, and certainly it has some series 
resistance R, due to the body material and the contact to the body. It 
oan be readily shown that for a model containing a R, and a Ra, the 
| — V characteristic is given by 


Pdsigg ge eR: 6 
Ee EE aa (VY — a/e 
in| +1) = 2 (Vv -1R) 


al 7 
Io ToRan v) 


Plots of this equation with all combinations of Rye 0, 5 and Ry = %, 
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I, =0.1 AMPERES 
I9=10-9 AMPERES 


a = =40 vot"! 
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Fic. 3 Theoretical J — V characteristic for various converters that include seri 
and shunt resistances. 
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Via, 4 Theoretical 7 = V characteristic for various converters with different 
ronlntandd, 
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100 ohms are given in Fig. 3 with the same parameters Io, I,, and kT'/q 
as in Fig. 1. It can be seen that a shunt resistance even as low as 100 
ohms does not appreciably change the power output of a unit whereas 
a series resistance of only 5 ohms reduces the available power to less 
than 30 per cent of the optimum power with R, = 0. Since the R,, does 
not affect our results, let us neglect it in future calculations. Fig. 4 
shows the theoretical J — V characteristics of units having R, = 0, 1, 2, 
3.5, 5, 10, and 20 ohms. Table 2 gives the ratio of the relative maximum 


TABLE 2 
Relative Maximum 
R, Available Power 
0 ohms 1 
1 0.77 
2 0.57 
3.5 0.37 
5 0.27 
10 0.14 
20 0.07 


available power from such units. These data are plotted in Fig. 5, which 
shows graphically how extremely important it is to reduce the series re- 
sistance to as low a value as possible. 





RELATIVE AVAILABLE POWER 





Rs IN OHMS 


Ita. 5 Relative maximum available power as a function of the series resistance. 


Now that it has been shown that the series resistance is a controlling 
parameter in reducing the available power from a silicon solar energy 
converter, let us consider a possible design of a unit and place some limits 
on the controlling parameters. ‘ 

Consider Fig. 6, which shows a possible configuration for a solar energy 
converter, Radiation is incident on the top surface, Contacts are made 
to the n island and p ring on the bottom surface, The geometrical param- 


eters are the length 4, width W, thickness 7, and the depth of the p-type 


layer ¢, The length and width of the unit are limited by the sise of 
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crystal from which the unit is cut. At the present time L is limited to 
about 6 cm and W to 1.5 cm. The thickness of the wafer H should be 
made small such that the resistance in the n-type region of the device i 
a minimum However, this parameter is not critical since it is easy t 
keep the resistance of this part of device below 14 ohm, with thickness 
between 0.1 and 0.5 cm. Therefore, in the interest of conservation 0 
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BOTTOM VIEW 


Fic. 6 Geometry of solar energy converter. 


material, it is desirable to make H~0.1 cm. A more critical dim 
sion is the taickness of the p-type layer t. Practically all of the elect 
hole pairs produced by sunlight are within 10—* cm of the surface. Th 
two conflicting demands are made on t; thick t to reduce the resista 
of the layer and thin ¢ to prevent loss of minority carriers by recom 
nation befoce diffusing to the junction. It can be shown that the p-lay 
resistance is given by 

R = Wp/AtL. 


The power that can be obtained from such a device is given by 
kT I+] 
P=-IV= -1|= in( ee 
q I 





+1) + IR]. 


0 
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For the purposes of calculations let us assume the following values of some 
of the parameters: 


Pn = 10° cm? Tt = 1077 sec 
Dy = 10 em?/sec kT /q = 0.025 v 
thus 
Jo = 10~!° amp/cm? = reverse saturation current density, 
Jr = 0.03 amp/em? = light current density at surface of unit, 
Lp = 10~* cm = diffusion length in p layer. 


Therefore Io = JoWL = 107!°WL amp and I, = JroWLe~!' = 
(.03WL exp (—10%t) amp. The last relation is a good approximation for 
(> Lp. Fort < Lp, the approximation fails but in the following calcula- 
tions, the error introduced by the approximation is negligible. Substi- 
tuting these values and (8) into (9), we find 


I + 0.03WL exp (—10%2) 
107-°WL 


The first term represents the actual power developed and the second 
term represents the power lost in the p-type layer. Equation (10) indi- 
cates that one should make L as large as possible and W small. Let 
L = 5 emas this is a convenient limit for this parameter and W = 1 cm 
as anything smaller will make the fabrication unnecessarily difficult. 
Since the surface resistivity of boron diffused silicon is about 107% 
ohm-em (Ref. 1), let p be 2X 10-3 ohm-cm as an average resistivity 
of the p-type layer. Then (10) can be rewritten as 


W p 
P = —0.025! 1 | —- P——. 10 
a i a (10) 


2 
P = —0.0575I log [2 X 10°Z + 3 X 108 exp (—10%/)] — 107“ = (11) 

Equation (11) has been maximized with respect to I for various values 
of ¢ and plotted in Fig. 7. The upper curve gives the maximum 
value of the power for the first term in the above expression and the 
lower curve represents the maximum value for the entire expression. It 
is observed that the maximum power occurs for our chosen geometry with 
t = 2 10-4 em and that the maximum is quite broad. For this unit 
(§ em?) there is an efficiency of over 8 per cent and a p-layer resistance 
of 0.5 ohm. 

On a unit area basis, equation (10) can be written as 


J + 0.03 exp (—10*#) 


gies 
ea, 


P 
P, = — = —0.025J In 
WL 


Ww? 
= —0.0575 log [10'°7 + 8 X 108 exp (—10%)] — J? — (12a) 


Hquation (12) indicates that the power per unit area developed is inde- 
pondent of the length of the specimen but depends on the square of the 
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Fic. 7 Maximum available power as a function of active p-layer thickness. 
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Fria. 8 Maximum available power density as a function of width of solar ene 
converter, 
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width. A plot of maximum power per unit area vs the width of specimen 
is given in Fig. 8 along with a plot of the product as a function of the 
width. It is seen in Fig. 8 that with our assumptions and from any 
standpoint, one would not want to make any units with widths greater 
than about 1.7 cm. If one wants a unit with high photosensitivity (high 
efficiency), the width should be made as small as possible whereas if one 
wants as much power as possible from a single unit then the width should 
be made about 1.5 em. A more accurate calculation indicates that the 
product of P4 X W approaches an asymptotic value and does not fall off 
with W as is shown in Fig. 8. 

Another serious source of series resistance is in the actual contact of 
the conductors to the n- and p-type regions of the silicon. 

The temperature dependence of the operating characteristics is always 
of interest in the description of semiconductor devices. Since the short 
circuit current depends only on the light current intensity, it will have 
no temperature dependence (except for minor corrections due to lifetime 
changes and series resistance changes). The most important temperature 
effect is through the change in open circuit voltage. It can be shown 
that the temperature variation of the open circuit voltage can be repre- 
sented in silicon by 

dV oe/dT = —0.00288 v/°C. (18) 


Since the output power of the device varies linearly with the open circuit 
voltage, the power decreases with temperature at a rate greater than %4 
per cent per degree centigrade. It will be shown in the next section that 
equation (13) is satisfied by experiment. 


RESULTS OF EXPERIMENTAL MEASUREMENTS 


The results to be presented in this section consist of the following: 

1. The I — V characteristic of a unit before and after reducing the 
series resistance of the device. 2. The J — V characteristic of a unit as a 
function of the light current. 3. The J — V characteristic of 10 units 
connected in series. 4. The open circuit voltage as a function of tem- 
perature. 

The units whose properties are given below were made by diffusing 
boron into n-type silicon. The dimensions of these units are L = 5.7 
em, W = 1.2 em, H = 0.1 em, and t = 0.0002 cm. 

Fig. 9 shows the effects of decreasing the series resistance on the J — V 
characteristics of the converter. The sample originally had a series 
resistance of 6.1 ohms. After the contact was improved the series re- 
sistance dropped to about 2.7 ohms. This decrease in series resistance 
allowed one to obtain from the unit at optimum load 2.2 times as much 
power after the improvement as was obtained before the improvement. 
Further reduction of the series resistance of this converter would lead 
to further increase in the maximum available power, This unit has a 
shunt resistance of the order of 1000 ohma, 
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The I — V characteristics of a converter as a function of the light 
intensity are given in Fig. 10. This unit has a series resistance of 18 
ohms and on comparing the 102 ma short-circuit current curve wit 
those of Fig. 4, it is seen that the experimental curve fits the theoretical 
curve extremely well. It has been observed on this and on other unit 
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Fig. 9 Experimental I — V characteristics of a converter before and after 


proving contact. 


that the maximum available power under different intensities of illu 
nation occurs at a constant voltage for a particular converter. In t 
case of the unit whose characteristics are illustrated in Fig. 10, th 
voltage is 0.30 v or % the open circuit voltage. As a consequence | 
this fact, the ideal load for a solar converter would be one that requi 
a constant voltage; e.g., a storage battery. This unit also has a sh 
resistance of 1000 ohms. 

The I — V characteristic for a series connection of 10 solar @ 
verters in bright sunlight is given in Fig. 11, The series resistance 
this collection is 18.3 ohms or an average of less than two ohms per ¢ 
The maximum power is obtained at a voltage equal to % the 
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circuit voltage and is equal to 0.2 watt. Since each unit has an area of 
6.8-7.0 em?, the device is only about 3 per cent efficient in the conversion 
of sunlight to electrical power. Individual units have been made with 
5 per cent to 6 per cent conversion efficiencies (Ref. 3). 
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ia, 10 Family of experimental J — V characteristics of a solar energy converter 
for various light intensities. 


ig. 12 gives an experimental plot of the open circuit voltage as a 
function of temperature. The straight line through the data has a slope 
of —0,00288 v/°C in agreement with the value given by equation (13). 
The disagreement of the low-temperature point is probably due to the 
fact that the sample was cooled with the aid of dry ice and the tem- 
perature read by thermocouple system was not the effective average 
tomperature of the device, 
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Fie. 11 JI — V characteristic of a series connection of ten solar energy converte 
in bright sunlight. 
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Fia, 12 Open circuit voltage as a function of temperature, 
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CONCLUSIONS 


The experimental results given in the last section are in agreement 
with the design theory for boron diffused silicon solar converters. This 
fact leads us to believe that one should be able to produce units for con- 
version of incident solar radiant energy into electrical energy with effi- 
ciencies as high as 10 per cent with modifications of present techniques. 
Cells have been made that have conversion efficiencies up to 6 per cent. 

Theoretical predictions and experimental confirmations indicate that 
the most important factor in the design of a solar energy converter is the 
series resistance of the device. Experimentally, units have been made 
with series resistance less than two ohms. Design theory indicates that 
units should be producible having a series resistance of less than one 
ohm. An experimental attainment of this value would improve the out- 
put of these units by 30 to 40 per cent or to about 7 or 8 per cent efficiency. 

Another method for possibly increasing the output of these devices 
appreciably would be the use of nonreflective coatings either of the %4A 
type or by the use of various materials having intermediate indices of 
refraction between silicon (n = 4) and air (n = 1). With this thought 
in mind a unit was cemented to soft glass (n = 1.4) with polystyrene 
cement (n = 2). The unit did not show any improvement. There are 
two possible explanations for this behavior. First, there is always a thin 
layer of quartz (n = 2) on the silicon which makes the improvement by 
the addition of other films of negligible importance. The second pos- 
sibility is that any improvement in the reflection loss is balanced by an 
absorption loss in the glass and cement. Probably the experimental 
facts are the result of a combination of these causes. 

Another possible means for increasing the output of these solar energy 
converters is by the use of reflectors (mirrors) or concentrators (lenses) 
whereby the intensity of radiation is increased. However, these meth- 
ods would be practical only in the case of small power supplies. 
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Chapter 9 
FIELD-EFFECT DEVICES 


In the analog and field-effect transistors, power gain is obtaine 
through modulation of a carrier stream, passing from one electrode 
another of the same conductivity type, by an electric field controlle 
by electrodes of the opposite conductivity type. The action is essen 
tially similar to that in an electron tube. Shockley’s paper reviews th 
theory of both devices briefly. 

In the second paper theoretical and practical limits on the field-eff 
transistor are considered, with necessary additions to Shockley’s origin 
theory. Experimental results are reported. The theory of the anal 
transistor is given in some detail in the otherwise unpublished text 
Shockley’s patent on this device.’ 

Experimental analog transistors have recently been built by W. Gae 
ner ? and by H. Statz.* The relatively low transconductances achieved 
date appear in general agreement with Shockley’s theory. 


9A. UNIPOLAR AND ANALOG TRANSISTORS * 


W. SHOCKLEY 


A new class of unipolar transistors is discussed. Of these, the ana 
transistor is described in terms of analogy to a vacuum tube. 


Although transistors and vacuum tubes are different in structure @ 
mode of operation, vacuum-tube concepts have often been used to 
scribe the functioning of transistors. Usually the analogy between 
two is rather strained. In this section, however, we shall describe a mi 
class of unipolar transistors, some of which are so conveniently deseri 
by analogy with vacuum tubes that they are referred to as analog tra 
sistors. We shall present the material of this section in terms of th 
analogies. 

As a starting point for describing these new transistors by analo 
with vacuum tubes, we shall discuss an analogy between a p-n junet 


1The text of this material is given in U.S, Patent #2,790,037 (April 28, 1957 
2 W. Gaertner, Proc. IRE, Vol. 45 (Oct, 1957), pp, 1892-1400, 
“H, Stats, Proc, IRE, Vol, 45 (Nov, 1957), pp. 1475-1488 

* Originally published in Proe, 7RE, Vol, 40, November 1962, 


512 




















Chapter 9: Fretp-Errect Devices 513 


biased in the reverse direction and a vacuum capacitor. In a vacuum 
capacitor there is a potential difference between the two metal plates. 
Between the plates there is an electric field, and under ordinary conditions 
of operation the electron emission from the plates can be neglected. Thus 
in the vacuum capacitor the space between the two plates is free of 
charge. When a p-n junction is biased in the reverse direction, a region 
of carrier depletion is formed. If the effect of the small number of car- 























DISTANCE =—> 


Fic. 1 Semiconductor analog to a vacuum condenser. 


riers in the region of depletion is negligible, then the structure will be- 
have as a condenser. However, in general there will be an appreciable 
wpace charge in the depletion region and the electric field will not be the 
same as in a true vacuum capacitor. 

A closer approximation to a true vacuum capacitor can be produced 
by suitably adjusting the donor and acceptor concentrations. In Fig. 1 
we represent a situation in which the structure consists of a p-type 
region, a region which is substantially pure or intrinsic, and an n-type 
region, If an electric field which produces a potential difference is ap- 
plied across the structure, then the distribution of charge will be as shown 
in Fig. 1, In this case the dipole layer consists of two separated dis- 
tributions of charge much as it does in the case of a metal parallel plate 
capacitor, Thus we see in this example that the p and n regions act 
ae the metal capacitor plates and the substantially pure region as the 
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vacuum. This analogy will hold so long as reverse potentials are applied. 
For forward potentials, however, there will be injection of majority car- 
riers from both sides into the middle region. 

From the reasoning presented above, it is evident that heavily doped 
p and n regions are like cold nonemitting electrodes in a vacuum-tube 
structure, provided that the electric fields at their surfaces are properly 
chosen, The choice must be such that the electric fields at the bound- 
aries of the regions are majority carrier retaining so that the p- and 
n-type regions will furnish only small saturation currents of minority 
carriers. For suitably designed structures, these small currents can be 
neglected. On the basis of these ideas we can understand how a transistor 
may be made whose mode of operation will be closely analogous to that of 
a vacuum-tube triode. We shall refer to such a transistor as an analog 
transistor. 

The mode of operation of the analog transistor may be described by 
reference to the state of affairs in the vacuum-tube triode. If normal 
operating voltages are applied to a vacuum-tube triode whose cathod 
is cold and nonemitting, then at the grid and cathode the electric field 
is electron extracting and at the plate it is electron retaining. If th 
cathode is heated so that electron emission occurs, then the field at the 
cathode is reduced by the space charge of the emitted electrons. How 
ever, the fields at the electrodes still remain electron extracting at grid 
and cathode and electron retaining at the plate. 

In the analog transistor the geometrical structure of the vacuum tu 
is converted to semiconductor, as represented in Fig. 2, by replacing th 
cathode and anode by n+ regions, the grid by a p+ region, and th 
space by pure germanium. Potentials of the same polarities are applied 
Under these conditions the analog-grid will draw only a small saturatio 
current since the field at its surface is hole retaining so that the majorit 
carriers do not flow out of it. Likewise, the majority carriers are re 
tained in the analog-plate. At the analog-cathode, however, the field i 
such as to extract majority carriers. Electrons will thus flow out of th 
analog-cathode, setting up a negative space charge. Since the analog 
grid is negative in respect to the analog-cathode, none of these electron 
will reach it and the grid will be surrounded by a depletion region. Th 
electron flow between the grid “wires” can evidently be controlled by & 
signal voltage applied to the analog-grid. Thus a mode of operati 
closely analogous to that of a vacuum tube is achieved. 

A space-charge law strictly similar to Child’s Law can be derived f 
the space-charge limited emission of the n+ region of Fig. 2. For th 
purpose, as in the case of Child’s Law, the complex geometry of Fig. 
is replaced by a plane parallel model. Under these conditions one fin 
that the current emitted per unit area is given by the formula 


I = 9xeuV2/82%, (1 


where x and ¢ are the dielectric constant of germanium and the permittivi 
of free space, respectively, « is the mobility of an electron, V is the voltage 
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between the parallel planes, and z is their spacing. In similar notation the 
conventional expression for Child’s Law is 


T = (4/9) €o(2q/m)*?V3/? /a?, (2) 


The analog for Child’s Law governs the current flow in the analog tran- 
sistor in much the same way that Child’s Law does in the case of a 
vacuum tube. 

It should be pointed out, however, that there are important differ- 
ences between the two laws. In the case of the analog of Child’s Law 





Fie. 2 Compositional structure of an analog transistor. 


it should be noted that there is no conservation of momentum of the 
olectrons. After travelling one mean-free path they are scattered so 
that no coherent motion is preserved in the direction of the electric field 
rom one collision to the next. One interesting consequence of this is 
that electron flow to the analog-grid need not occur when the analog- 
yrid is positive in respect to the analog-cathode, provided that the field 
is electron extracting at the analog-grid. It should also be pointed out 
that the analog of Child’s Law presented above is valid only for rela- 
lively low electric fields. For high electric fields the relationship be- 
tween drift velocity and electric field ceases to be linear, with the result 
that, in effect, the mobility decreases (Ref. 1, 2). This fact must also 
he taken into account in designing transistors making use of space-charge 
limited emission. 

The transistor of Fig, 2 is a strict analog of a vacuum-tube triode, so 
far as the polarities and nature of the electron currents are concerned. 
It is possible of course to have an anti-analog transistor in which the 
roles of donors and acceptors are interchanged, In such an anti-analog 
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transistor the source of holes would be the anode and the electrode to 
which they flow would be the cathode. This situation poses certain diffi- 
culties in nomenclature for analog transistors. It is evident that the 
words cathode and anode are unsuitable since the role played by an 
electrode will be opposite in a hole-flow analog or p-type analog tran- 
sistor from what it is in an electron-flow or n-type analog transistor. 

It is evident that the analog transistor works according to principles 
somewhat different from those of the ordinary type of transistor. As was 
mentioned above, the phenomenon of minority carrier injection into @ 
region where majority carriers are present does not occur. Thus the 
conventional role assigned to an emitter electrode in an ordinary tran- 
sistor is not played by any of the electrodes of the analog transistor 
Furthermore, except for ac charging currents and small reverse satura= 
tion currents, practically all of the current flowing in the transistor is 
carried by carriers of one sign. This is different from the point-contact 
transistor and the filamentary transistor in which both signs are im- 
volved to a significant degree. In the junction transistor, also, both con 
trolled and controlling currents flow in the base layer at the same time, 
Thus a difference between the analog transistor and the more conven= 
tional type is a separation in space of the two kinds of current flow. 

In order to distinguish between the more conventional transistors and 
the analog types, we propose to use the words bipolar and unipolar. In 
terms of this terminology the analog transistor structures are the uml= 
polar type. This is true for both the type in which the current is carri 
by electrons and the type in which the current is carried by holes. q 
the next paper (Ref. 3) is discussed another type of unipolar transistor 
referred to as the field-effect transistor (Ref. 4). This transistor dif 
fers from the analog type in having unbalanced chemical impurity densh 
ties in the region where the carriers flow. These chemical impuriti 
neutralize some of the space charge of the current carriers in a way som 
what reminiscent of the behavior of positive gas ions in a gas-dischar 
tube. 

Since the role of emitter is not played in the normal way in the uni 
polar transistor and since the collector also functions somewhat di 
ferently, it appears advantageous to introduce new terminology for t 
electrodes in the unipolar types. The choice proposed for the electrod 
is as follows: Source for the electrode from which the carriers enter th 
region of relatively high electric fields; drain for the electrode at whie 
they arrive and out of which they flow; in the analog transistor the con 
trol electrode will be called the grid because of its close analogy wi 
vacuum-tube structures. In the field-effect transistor it is proposed 
call the control electrode the gate. The fact that gate and grid have t 
same initial letter leads to the use of a common subscript for these t 
similarly functioning electrodes. The choice of these names has b 
based partly on an attempt to find names which deseribe functions & 
partly on the value of the names from a phonetic and abbreviatio 
point of view. It should be noted that none of the new subscripts 
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the same as those encountered in bipolar transistors. Furthermore, it 
may be noted that the names selected are all monosyllabic. 
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9B. THE FIELD-EFFECT TRANSISTOR * 


G. C. DACEY AND I. M. ROSS 

Previous work on field-effect transistors considered the performance of 
the device when operated with electric fields in the channel below the 
critical field, E,, where the mobility of carriers becomes dependent on 
field. This work is reviewed and it is shown that, in this range of opera- 
tion, the frequency cutoff, fo and transconductance, gm, of the device in- 
crease with increasing values of electric field. 

New theory 1s derived for the performance with electric fields greater 
than E,, where the mobility 1s proportional to H-%. It is shown that, al- 
though both fo and g,, continue to increase with electric field in this range 
the corresponding increase in the power dissipated is so rapid that such 
designs are unattractive. It is concluded that a good compromise is to 
operate with the average channel field equal to E,. The performance in 
this particular case is considered in detail and the results summarized in 
a design nomograph. It is found that fo 1s inversely proportional to the 
“pinch-off” voltage. The pinch-off voltage cannot, however, be made in- 
definitely small because the gate junction must be in the saturated condi- 
tion. A reasonable estimate of the minimum voltage is % v and this 
leads toa maximum value of fo of 1000 mc. 

A description is given of the fabrication and performance of several 
field-effect transistors operating in both the constant and non-constant 
mobility ranges. It 1s shown that the performance of these units is in 
agreement with theory. One of these units had a frequency cutoff of 50 


me with a transconductance of 1.6 ma/v when operated at 40 v and 40 
ma, 


1 INTRODUCTION 


Two papers have already appeared on the field-effect transistor (Ref. 
1, 2), in which the basic features of the theory were presented and their 





* Originally published in BS,7'/,, Vol, 84, Nov, 10955, 


The authora wish to acknowledge the valuable aasietance of P, W, Moy and 
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experimental verification discussed. This present paper describes cer. 
tain additions to the theory and the experimental verification thereo 
which arise when attempts are made to realize the ultimate in high 
frequency performance. In particular the effect of non-constant mobil 
ity at high electric fields is analyzed in some detail and shown to be 
governing consideration for some designs. 

An attempt has been made to make the present paper sufficient] 
complete that it will not be necessary to refer to the previously pu 
lished literature. For that reason certain of the previously published 
sults are quoted as a starting point for the extended theory. The pap 
is divided into two parts. The first part presents the complete theory 
of its present state of development, and the second part describes t 
most recent advances in the experimental verification of this theory. 


PART I. THEORY 


2 A QUALITATIVE THEORY 


In essence, a field-effect transistor can be regarded as a structure ¢ 
taining a semiconducting current path, the conductivity of which 
modulated by the application of a transverse electric field. In particu 
consider the structure shown in Fig. 1. The device as shown consists of 
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Fia. 1 Schematic diagram of the field-effect transistor. 


slab of n-type semiconductor with an ohmic contact at each end, 
two p-type contacts on opposite sides, These p-type regions are ca 
the gates, Consider what happens if the gates are shorted to the 
hand end of the n-type slab and a positive potential, Vp, applied to 
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right hand end. A current, Ip will flow between the ohmic contacts and 
will consist of a flow of electrons from left to right. The left hand con- 
tact is the source of these electrons and the right hand contact drains 
them out of the material. The contacts are therefore referred to as 
the source and the drain and are marked accordingly in the figure. Be- 
cause the n-type material has resistance, the flow of current will pro- 
duce an JR drop, the potential becoming more positive toward the drain; 
but, since the gates are connected to the source, the same potential will 
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Fig. 2 Theoretical drain characteristics for the constant mobility case. 


Appear across the p-n junctions and will bias them in the reverse direc- 
tion. Space-charge regions will penetrate into the n-type material, be- 
(oming wider towards the drain since higher bias results in thicker space- 
charge regions. In consequence the current is confined to flow in a wedge- 
shaped region which is called the channel. As the drain voltage is in- 
creased, the channel becomes narrower and the source to drain resistance 
higher, until at a voltage Wo» the condition is reached in which the space- 
vharge regions from opposite gates meet. This is the condition repre- 
sented in Fig. 1 where the channel is shown white and the space-charge 
regions are dotted. This is called the pinch-off condition. Beyond 
pinch-off the current is essentially saturated at a value Ipo, further in- 
crease of drain voltage resulting in only small increases in current, be- 
oause most of the increased voltage appears across the space-charge 
rogion near the drain, The drain characteristic is thus of the form shown 
in the uppermost curve of Fig, 2. 

Now suppose that the gates are biased negatively, with respect to the 
source, with a voltage Vg, Under these conditions, the magnitude of the 
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IR drop necessary to produce pinch-off will be smaller, since part of this” 
voltage is already supplied by the bias, and current saturation will ac- 
cordingly occur at lower values of drain voltage and current. The drain 
characteristics, with gate voltage as a parameter, are therefore of the 
form shown in Fig. 2. These characteristics are similar to those of a 
pentode tube, and the field-effect transistor can be similarly used to 
obtain amplification. 

The operation of the field-effect transistor depends essentially on the 
presence of just one type of carrier, the majority carrier. For this reason 
it may be called a unipolar transistor. The junction transistor, how- 
ever, depends for its operation on both types of carrier and is hence 
bipolar transistor. In the field-effect device, current is carried by the 
majority carrier drifting in an electric field, while for a junction tran- 
sistor the current is carried by the minority carrier diffusing in an essen- 
tially field-free region. Since drift velocities can be very much higher 
than diffusion velocities, the transit time for similar dimensions can 
shorter in the field-effect than in the junction type. Hence we woul 
expect that with similar dimensions the field-effect device would 
capable of operating at higher frequencies. This conclusion is borne ou 
by the theory. 


3 THE IDEAL THEORY 


The basic theory of the field-effect transistor has been presented 
W. Shockley (Ref. 1) and discussed by the authors (Ref. 2). For clarit; 
and completeness the results will be given here. 

Let the dimensions of the specimen and the applied voltages be 
shown in Fig. 1. Let oo be the conductivity of the n-type material a 
po the donor charge density. Shockley has shown that, if the wed 
shaped channel referred to above narrows sufficiently slowly, then, f 
drain voltages less than the saturation value, Wo, the current (per u 
length in the Z direction) is given by * 


Ip = (1/L)'J(Vp — Ve) — J(Ve — Va)], 
where the function J is given by 
I(x) = 2ooazx[l — (24)(2xK/poa)”), ( 
in which x has the dimensions of voltage and K is the dielectric constan 
For germanium 
K = 1.42 X 107!” farad/cm. 


Above the saturation voltage, Wo, the current is substantially constant, 


*W, Shockley has discussed the case of a p-type channel, For the ntype ch 
appropriate changes of sign have been made, 
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It will be convenient to introduce certain natural parameters defined as 
follows: 


Wo= poa?/ 2K 

Eo = poa/K = 2Wo/a 

Jo = 2poHo0a = 2o9a 

Io = goHo = 2po7uo?/K 

To = @/uoHy = K/uopo = K/oo. 
Note that Wo is the bias voltage required between gate and channel to pro- 
duce a space-charge region of thickness a. Hence, with the gates shorted 
to the source, Wo is the saturation value of Vp. go is the conductivity of 


the channel for zero gate and drain voltages. For small applied voltages 
the resistance, Ro, of the channel is 


Ro = L/2aao. 


In Fig. 2 we have shown in terms of these reduced parameters the drain 
voltage-current characteristics as obtained from (1) and (2). From (1) 
and (2) we obtain the transconductance gm: 


oIp l y J 
Im = —— = (2a9a/LWo”)[(Vp — Va)? — (Vs — Va)™]. (3) 
8VG IvD= const 
Now, if in particular we take V, = 0 and (Vp — Vg) = Wo corresponding 
to grounded source and operation in the pinch-off region, (3) reduces to 


Ymg = (209a/L)[1 — (—Ve/Wo)I 


4 (4) 
= gmoll — (—Ve/Wo)”I, 
where we have introduced 
200 
Imo = a. (5) 


the maximum transconductance. 

The saturation drain current Ipg which flows for any gate voltage can 
be obtained from (1) and (2) by setting V, = 0, (Vp — Veg) = Wo. Doing 
this yields 


Ing = GmoWo/3)(1 + (Ve/Wo)(3 — 2V —Ve/Wo J]. (6) 


We see from (6) that the current is completely cut off for a gate voltage of 
Vq = —Wo. Maximum current is 


Ino = gmoW 0/8, (7) 


obtained for zero bias on the gate. 

The frequency response of the device can be estimated by the following 
simple argument, In order to change the gate voltage, the capacitance of 
its pen junctions must be charged through the resistance of the channel, 
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Fic. 3 Nomograph giving the value of pinch-off voltage as a function of cha 
resistivity and thickness (constant mobility case). 


This process has an associated time constant which limits the freque 
response. Let us assume a wedge-shaped channel, completely pinched 
at the drain end and completely open at the source end (that is Vg 
V, = 0). The capacitance for unit length in the Z direction is app 


imately 
C~4KL/a. ( 


The factor 4 arises because the average width of the space-charge region 
approximately a/2 and because there are two such regions, one on eit 
side. This capacitance on the average charges through half the resist; 


of the channel, i.e., 
R = L/2a00 


We would accordingly expect a limiting frequency f given by 
1 1 / ao 
t= oR0 7 = (eae) 
Another way of looking at the frequency response is to consider the t 
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Fig. 4 Design nomograph for constant mobility case. 


time of a carrier along the channel. In Appendix 1 of this paper it is shown 
that the transit time 7 is given by 


t = (34)(L?/uoWo). (11) 


Substituting for Wo, we obtain 
3KL? 


a’ao 





T= (12) 

This transit time differs from RC in equation (10) by about a factor 
of %. Thus there is essential agreement between the frequency responses 
as estimated from RC and from transit time. 

The above theory has been summarized in the form of nomographs 
which are given in Figs, 3 and 4. In Fig. 3 we have given a nomograph 
for the caleulation of the pinch-off voltage Wo. If a straight line is 
drawn between the value of N on the left scale and the value of a on 
the right scale, it intersects the center scales at Wo and at Z, the maxi- 
mum value of the electric fleld in the space charge region, Fig, 4 shows 
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simultaneously the field-effect parameters, a/L, 00, mo, Ro, f and C. 
A straight line drawn across the chart intersects the various scales in a 
set of values which are consistent with a given design. The one remaining 
parameter of interest, the current, is easily obtained from (7). 


4 MODIFICATIONS OF THE IDEAL THEORY 


The theory presented in Section 3 deals with an ideal structure. In 
practice we shall find it necessary to modify the theory somewhat to 
take account of special experimental conditions. In particular we shall 
discuss the following effects: 


A. Series resistance of semiconducting paths at the source and/or 
drain contacts. 

B. Negative resistance effects due to hole current flow into the gate. 

C. Temperature effects. 

D. Effects of high electric field on mobility. 


A Series Resistance. In Section 3 we have considered that the 
source and drain connect directly onto the channel between the gates, 
It is necessary in the fabrication of these units, however, to allow a small 
bridge of semiconductor between the actual contact and the gate. This 
means that a series resistance appears between the electrodes to which 
voltages are applied and the working part of the structure. It is possible 
to take account of these resistances by simple circuit theory. 

For the calculation of g, one must recognize two differences. First, 
the voltages which must be inserted into (3) to obtain the transcon- 
ductance of the working part of the structure must be changed as follows! 


Ve cmd Va, V, => —IR,, Vp —> (Vp = IRp), (13 


where R, and Rp are the values of the source and drain resistances. § 
ond, the degeneration of the source resistance must be taken into account 
If the apparent transconductance is denoted by g’, then 


g'm = Jm/(1 + R.Gm), (14 


which takes account of the fact that a fraction of any increase in gate vol 
age appears as an increased drop across the source resistance. In (14), 
course, gm must be calculated considering the modifications (13). 

It is clear from (14) that if g»R, >> 1, then the transconductance g'm i 
simply given by 1/R,. If then we are to obtain the potentially high tran#« 
conductance of the device, we must keep the source resistance small. The 
drain resistance does not have as serious consequences, the chief disady 
tages being: (a) the necessity of having a higher supply voltage, and (b 
Ip?Rp heat which must be dissipated. 

The source resistance also alters the frequency response. One must 
R, to the R of (10) in obtaining the limiting frequency. 


B Neaative Gare Resistance, It is possible, in units where an & 
preciable fraction of the current is carried by holes, as would be th 
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case for a channel of resistivity approaching the intrinsic value, to ob- 
tain a negative gate-resistance. This effect arises as follows: Suppose 
that the gate is made more positive so that it opens somewhat and 
allows additional electron current to flow in the channel. This additional 
electron current is accompanied by an increased hole current on the drain 
side of the gate (within the electrically neutral region). If the unit is 
operating in the pinched-off region, however, these holes will not flow 
through the channel but will instead flow to the gate. This is the case 
because the electric field in the pinched-off space-charge region near the 
drain is directed away from the axis of the channel and is thus focussing 
for electrons, while tending to pull holes into the gate. From this argu- 
ment we see that a positive change of gate voltage results in an increased 
flow of holes to the gate and thus in a negative change in the current 
flowing into the gate. Hence the gate terminal presents a negative 
resistance. 

A quantitative estimate of the negative resistance can be obtained as 
follows: let the fraction of the drain current which is carried by holes be 
f. Let the gate potential increase by V volts. If the transconductance is 
Jm, the drain current, Ip, will increase by gnV. Then the hole current 
will increase by fg,,V. All this hole current appears as a current flowing 
out of the gate. Thus the change in gate current is —fgnV and the gate 
conductance Gg = —fgm. 

The holes referred to in the argument above may arise from three 
sources: (a) they may be thermally generated in the body of the semi- 
conductor; (b) they may be generated at low lifetime areas on the sur- 
face; or (c) they may be injected at the contacts. It might be desirable 
to make a device in which the drain contact was intentionally made 
hole-injecting (say by the use of a p-n junction) and in which the nega- 
tive resistance effects would thus be greater. However, for most appli- 
cations the negative resistance is not desirable, and it is necessary to 
minimize the density of these holes. Source (a) can be decreased by 
using lower resistivity material, and source (b) by high lifetime treat- 
ment of the surface. The injection (c) of holes at the drain contact can 
be prevented by making the drain contact from strongly n-type material 
(designated n+). Such an n-n+ junction will not act as a source of holes. 


C TEMPERATURE Errects. As can be seen from the nomographs, the 
unipolar field effect transistor is a relatively high power device. Further- 
more, most of the power dissipation takes place in the space-charge 
region near the drain. Therefore the removal of heat can be a major 
problem. The chief effect of heating is to increase the gate saturation 
current by increasing the number of thermally generated hole-electron 
pairs. It is true that the mobility also varies as 7'~*% but this variation 
is fairly slow and serves only to vary oo which enters the theory linearly. 


D Errrors or Non-Linear Mosiirry atv Hien Frevps. In germanium 
there is a maximum field Z, beyond which Ohm's law fails (Ref. 3), Be- 
yond Hy the mobility decreases as the half power of the electric field, 
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and hence the effective conductivity of the material also changes. As 
will be shown in Part II of this paper, electric fields greater than EH, | 
may well be obtained in practical designs of field-effect transistors. It is 
therefore necessary to consider the effects of square-root mobility on the 
transistor characteristics. Since the required analysis is somewhat 
lengthy, and the conclusions that can be drawn from it are of great 
interest, this analysis will be given in a separate section. 


5 SQUARE-ROOT MOBILITY THEORY 


The treatment which follows is similar in outline to that of W. Shockley 
for the constant-mobility case (Ref. 1) and familiarity with the general 
features of that theory will be assumed. The fundamental assumption 
made is that the channel narrows sufficiently slowly so that locally th 
voltage W across the space-charge region between the channel and th 
gate is given by the following solution to the one-dimensional Poisso 
equation 

W = qN[a — b(2)]?/2K, (15 


where q is the electronic charge, N is the excess donor density * in th 
channel material, 2a is the thickness of the material between the ga 
and 2b(x) is the thickness of the narrowed channel at a distance x fro 
the source towards the drain. This situation is shown in Fig. 1. 

We shall consider the case where the pinch-off voltage is so high tha 
the field in the channel is greater than the critical field over the maj 
fraction of its length, but not so high that the carriers reach limiti 
velocity (Ref. 3). A more accurate calculation would take into accou 
the fact that near the source the field is small and would join two sol 
tions for the ohmic and non-ohmic parts. We shall assume that in 


law is in agreement with the data of E. J. Ryder (Ref. 3). 
we write for the conductivity in the channel 


oc = pong(E./E) = o9(E./E) a, 
where po is the low field mobility, n the electron density in the chann 
E, the critical field, and oo the low field conductivity. 

We shall consider a unit 1 em wide, 2a cm thick between gates, and wi 
a channel length of L cm. The conductance g of the channel at any po’ 
zx is proportional to the thickness of the channel there and is given by 

g = 2b(x)o, = 2b(2)oo(E-/E)”*. (17) 
Making use of (15) we may rewrite (17) in terms of W 

g = 2aa{l — (W/Wo)*\(E./E)”, (1 
where Wy = qgNa?/2K has been introduced, The gradual approxima 
*The theory is worked out here for a transistor with n-type channel and pe 


gato, This is the opposite polarity to that treated by Shockley in Ref, 1, but 
appropriate to the specimens measured, 
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implies that EH = dW/dz, and we may therefore write for the square of the 
current 


I? = g?(dW/dx)? = 4097a7E [1 — (W/Wo)”*]?(dW/dz). 


(19) 
Upon integration from source to drain we obtain 
Wp 
PL = go E. [1 — (W/Wo)*? aw, (20) 


Ws 


where we have introduced the symbol go = 2004. 


We shall find it con- 
venient to introduce the integral 


w 
JW) =f 1 - @/Wo) Fay, 
0 
in terms of which the current may be written 
I = go(E-/L) J (Wp) — J(Ws)]*. 
It is easy to evaluate J(W) by the change of variable 


u? = [1 — (y/Wo)], 
and when this is done we find 


(21) 


(22) 


W . 
JW) = — (BLL — (W/Wo) 4 — 41 — (W/o) "48 +1). 3) 


We are now in a position to write the current from (22) and (23). 


We 
shall take 


Ws = Vs — Va; Wo = Vp — Va, (24) 


where Vs, Vp, and Vg are the potentials applied to the source, drain, and 
gate respectively. We accordingly obtain 


I = 1,{3[1 — (Vp — Ve)’4/Wo"*I* — 4[1 — (Vo — Va)”*/Wo"** 
= 3[1 — (Vs — Ve)*/Wo"}* + 4[1 — (Vs — Ve)*/WoP}”, (25) 
where we have introduced the symbol 
Ie = go(WoE./6L)”. (26) 


This is the value of the current at pinch-off for zero gate bias. The anal- 
ogous expression for the constant mobility case was (Ref. 2) 


Ipo = ImoW 0/3 = 2W oa9a/3L = WogodL. (27) 
Therefore, all other things being equal, the effect of non-constant mobility 
is to reduce the maximum current in the ratio 

To/Ipo = (9E.L/6Wo) = 1,21(E L/W)". (28) 


It should be pointed out that this analysis is valid only for Wo/L > E., 
but within this range of validity, equation (28) shows that considerable 
reductions of current may take place, 
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In addition to changes in magnitude of the pinch-off current, there will 
be significant alterations in the shape of the Jp versus Vp characteristic. 
This characteristic has been calculated from equation (25) for the case 
Vs = Ve = (Vs — Ve) = 0 and is plotted in Fig. 5. Also shown on the 
same figure, for comparison purposes, is the [p versus Vp curve for the con- 
stant mobility case. It can be seen that the non-constant mobility curve 
has a steeper initial slope and pinches off more gradually. The effect of 


1.0 


0.9 




















Fic. 5 Comparison of the drain characteristics for the constant and non-constant 
mobility cases. 


this is to make the unit appear to have a lower pinch-off voltage. At lo 
drain voltages, on the other hand, the unit is operating in the Ohm’s la 
range and the observed initial resistance will agree with the slope of the 
curve for the constant mobility case. 

It is also of interest to know the variation of the current beyond pinch= 
off with gate bias. This function can be obtained from (25) by putting 
(Vp — Ve) = Wo and Vz = 0, giving 


Teg = I-41 — (—Ve/Wo) > — 3[1 — (—Va/Wo)"1*)*. (29) 
For the constant mobility case the corresponding function was 
Ina = poll — (—Va/Wo)”*]. ( 


These two expressions are plotted for comparison in Fig, 6, Note that t 
current falls less rapidly with gate bias in the non-constant mobility ¢ 
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Fic. 6 Comparison of gate characteristic for constant and non-constant mobility 


cases. 


It is a simple matter to calculate the transconductance by differentiating 
the current (see Ref. 2). We write 


Jn = 8Ip/8Vd| Vo-cons 
(31,/Wo)[2D — D? + S? — 28] A 
~ 131 — D)* — 4(1 — D)® — 3(1 — 8)* + 4(1 — S)5]* 
where 


D = (Vo — Va)4/Wo” and S = (Vs — Va)’*/Wo”. 


In particular, if we are dealing with a pinched-off drain and zero gate 
bias, that is (Vp — Ve) = Wo and (Vs — Va) = 0, then both of the 
brackets in (31) reduce to unity and we obtain 


Ime = 31-/Wo (82) 
The analogous expression for the constant mobility case was 
Jmo = 3Ip0/Wo. (33) 


Therefore we see that the effect of square-root mobility is to reduce the 
transconductance in the same ratio as the current, that is, 


dme/dmo ™ To/Tpg = 1.21 (H,L/Wo) Ms, (34) 
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It is also of interest to consider the variation of transconductance with gate. 
bias. For this purpose in (31) we set (Vp — Ve) = Wo and Vg = 0, 
giving 
JmG = Ime = oe Ve/Wo) a A(T + 3(— Vae/Wo) a} %, 

The analogous expression for the constant mobility case was 
gma = Ymoll — (—Ve/Wo) I. (36) 


In Fig. 7 we have plotted curves of gmG/Qme aNd Jmc/Gmo for the non- 
constant and constant mobility cases versus Vg/Wo. It can be seen that. 
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Dependence of gm on Vg. The dotted line refers to the constant mobili 
case and the solid line to the non-constant case. 
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Fic. 7 


the effect of the non-constant mobility is to introduce an initially mo 
rapid fall in transconductance with gate bias, followed by a relative 
slower fall. The initial rapid fall of transconductance suggests that t 
gate bias must be held very close to zero if the maximum transconductan 
is to be observed. In practice, it may not be possible to achieve this 
cause of voltage drop in the resistance of the source or gate leads. In 
case, this effect will constitute a rather serious limitation on the cire 
behavior of the device. In order to maintain large transconductance it 
necessary to employ small bias and small signal-swing, 
An approximation to the frequency response for the constant mobili 
case was obtained by Shockley (Ref. 1) from the assumption that t 
capacity between the channel and gate must be charged through the resi 
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ance of the channel. Approximating the channel shape at pinch-off by a 
triangular wedge, he obtained 


fo = o0(a/L)?/40K. (37) 


In the non-constant mobility case a similar sort of approximation could 
be made. The channel will also be roughly wedge-shaped (see Appendix 1 
of this paper). The conductivity, however, will vary along the channel as 
the electric field varies. We may within the accuracy of (87) use an aver- 
age conductivity corresponding to the average field, Ha = Wo/L, in the 
channel. Making use of (16) we find that the decrease in frequency re- 
sponse caused by non-constant mobility can be estimated by 


felfo = 9/00 © (Ee/Ea)”* = (EeL/Wo)”*. (38) 


The quantity (E.L/Wo)” is seen to be a sort of figure of comparison for 
the non-constant mobility case. Except for numerical factors near unity, 
the current, the transconductance, and the frequency response are all re- 
duced in about this same ratio 


T./Ipo * me/9mo © fe/fo ~ (EeL/Wo)”*. (39) 


Another way of looking at the frequency response is to consider the 
transit time across the channel. In Appendix 1 of this paper it is shown 
that for the constant mobility case 


7 = (34)(L?/uoWo). (40) 


Note that L?/yoWo is the transit time across a distance L that we would 
expect from the average velocity woWo/L. On the other hand, as shown 
in the Appendix of this paper, for the non-constant case 


te = 147L/uo(E-Wo/L)”*. (41) 


Here again L/uo(E-Wo/L)” is the transit time to be expected across a dis- 
tance L with the velocity uo(E-Wo/L)”. Note that the ratio of (40) to 
(41) gives 
c 15 DL E.Wo/L)” ; 
fo ro 16M woBoWof Ly” 8 1.02(8.L/ Wo) 
fo te 1.47 woWo L 
This expression is in essential agreement with (39) which was obtained 
from the RC argument. 


(42) 


( DESIGN THEORY 


In the previous sections we have presented the theory of field-effect 
transistors operating both below and above the critical field E,. The 
question now arises as to what is the optimum field at which the tran- 
sistor should operate. We will first consider this problem for the con- 
stant mobility range and show that both frequency response and trans- 
conductance increase with electric field, We shall then consider the 
square-root theory and show that, although increasing fleld above 2, 
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does result in an increase in frequency response and transconductance, 
the corresponding increases in power dissipated are so large as to make 
such a design unattractive. These considerations lead to the conclusion 
that the optimum field for transistor operation is just the critical field 
and we will present design nomographs for this condition. 


A Constant Mosiuity. For the gradual approximation, that i 
(a/L) «1, the following equations apply 


fo = (a/L)°oo/4nK (43) 
Wo = qNa?/2K (44 
9mo = 200(a/L), (45 


where the symbols are as previously defined. It is seen from (48) an 
(45) that both the frequency response and transconductance are pro 
portional to conductivity. Thus the designs of most interest are thos 
with high conductivity material. The solution of the three equatior 
would be much simplified if it could be assumed that oo is proportion 
to N. This is true if the density of the minority carrier is small compa 
with that of the majority carrier, and is therefore true for material of hig) 
conductivity, corresponding to the cases of greatest interest. If we ¢ 
sume that 


7 = QuoN, (4€ 


the error introduced will be about 10 per cent for oo = 0.05 ohm7!-em 
and less than 1 per cent for o9 > 0.7 ohm7!-cm™!. It is therefore reasol 
able to apply (46) with the restriction that 


oo > 0.05 ohm~!-cm™. 


The additional restriction that the field in the channel must be lé 
than the critical field is difficult to apply exactly. The field in the chanr 
increases from the source to a maximum at the drain. The dependence 
field upon distance down the channel has been derived by Shockle 
but it is a complicated expression. A simple approximation to the limi 
ing condition would be to stipulate that the average field in the chann 
defined as E, = Wo/L be less than E,. In the limiting case, Wo/L = 
part of the channel near the drain would be above the critical field wh 
the source end would not. This represents approximately the desi 
limiting condition. 

We shall now impose onto (48) to (46) the following three restriction 

(i) Gradual approximation holds, 


a/L «1. 
(ii) Conductivity is proportional to majority carrier density, 
a0 > 0.05 (i.e., p < 20 ohm-cm), 
(iii) Field is less than critical, 
Wo/ L= Hy & Eo. 
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Firstly, consider the frequency response. Eliminating op and N from (43), 
(44) and (45) gives 


fo = (a/L)*poWo/2na? = poWo/2nL?, 
and substituting for Wo from restriction iii yields 


fo = woHa/2nL. (47*) 


This equation shows that the frequency response is proportional to the 
average field, and that, therefore, for a given length of channel, the maxi- 
mum frequency response will be obtained with the maximum possible 
value of Ea, that is, H, = E,. Another interesting relationship can be 
deduced from (47) by substituting for LZ from restriction iii giving 


fo = woHa?/2nWo. (48) 


‘Thus for fixed value of E, high values of frequency response will corre- 
spond to low values of pinch-off voltage. 

Now consider the transconductance. Eliminating op and N from (44), 
(45) and (48) gives 


Jmo = 4uoKWo/aL, 
and substituting from restriction iii for Wo/L, we obtain 


9mo = 4uoK Ey /a. (49) 


‘Thus, for a given thickness of channel, the maximum transconductance 
will be obtained with the maximum possible value of EH,, that is 
Ka = E,. 

We therefore conclude that, on the constant mobility theory, the best 
choice of average field for optimum frequency response and transcon- 
ductance is the critical value, E,. 


B SquarEe-Root Rance. Having shown that on the constant mobility 
theory the optimum electric field is H., we must next determine what, if 
anything, is to be gained by operating above this field; that is, in the 
square-root mobility range. It is clear from (38) that, if units are oper- 
ated at higher and higher Wo, the gain in frequency response is not as 
great as would be predicted by the constant mobility theory. In fact 
for a given length L, the frequency response can never exceed 


fi = 1/71 = v1/L, (50) 


where v is the limiting drift velocity of “hot” electrons (Ref. 3). It 
should be pointed out, however, that constant electron drift-velocity is 
incommensurate with the usual gradual-approximation field-effect equa- 
tions. This condition can obtain only at the pinched-off end of the chan- 


* Note that this equation shows that fy is proportional to ~p#,, the mean velocity 
of the electrons, divided by L, the length of the channel, Since # is always positive 
and increases smoothly from source to drain, the ratio wly/L, and hence fo, will 
he approximately proportional to the inverse of the transit time, This result. is 
rigorously shown in Appendix 1 of thin paper, 
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nel, i.e., the “expop” region, for within the electrically neutral channel, 
continuity of current and constant electron drift-velocity combine to 
require constant b. Fulfillment of this condition is impossible between 
equipotential gates, since the change in W with x required to give the 
electric field would also require a change in b by (15). 

As we shall subsequently show, it is not expedient to attempt to ob- 
tain high frequencies by the brute-force method of increasing Wo/L 
because the power goes up as W,?, while square-root mobility effects 
cause diminishing returns to set in as far as increases in frequenc 
response are concerned. A simple way to see how much improvemen’ 
in frequency response can be obtained by pushing into the nonlinea 
mobility range is to impose a maximum power dissipation conditio 
It has been found possible experimentally to dissipate by the use 0 
cooling fins some 400 watts/em length of gate. We will according] 
take P, = I,Wo/L = 400 as a limiting power-handling capacity. Wi: 
write the square-root case equations in the following form: 


9me = 6%a9(L/a)*L’*Wo “E.* (5 
fe = o0(L/a)~?L“Wy—“E,4(1/44K) 
P, = 1,Wo/L = 9meWo?/3L 
1 
Wo = o0(L/a)~?L? (5). 
Using (54) and (51) to write P, in terms of p, (L/a), and L we obta 


47 53m % 6% 1 a 
c oo" ( / a) 3 QuoK 


We now use (54) and (55) to eliminate Wo and oo from (52) and fi 
obtain 





fe = (1.25P E27 u9*/1284°K)*(L/a)—*L, (5 
If, in agreement with experimental results, we take 


P, = 400 watts/cm 


E, = 1000 volt/cm 
uo = 3600 cm?/volt-sec, 
and 
K = 1.4 X 107)? farad/em 
(56) becomes 
fe = 1.05 X 10°(L/a)—4L-, ( 


It should be noted that (57) is relatively insensitive to choices of (L/ 
For any (L/a) from 1 to, say, 5, (57) can be approximated by 


fom 1,05 X 10°L=, 
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On the other hand (50) gives 
fr=6 X 10°L—, (59) 


when Ryder’s experimental value for v; is inserted. It is clear, therefore, 
that the power-handling capacity of a unit of given size prevents the real- 
ization of the ultimate frequency response and causes a reduction of upper 
frequency limit by a factor of about 6. From (56) we see that f, depends 
on P,’* and that it is necessary to increase the power-handling capacity by 
a factor of 32 in order to double the frequency response. 

We have explored the design possibilities of units in which the critical 
field is never exceeded. It is shown that the limiting frequency under 
these restrictions is given by 


fo = Ecu/2eL = 5.7 X 10°L—". (60) 


A comparison of (58) and (60) shows that a gain of only a factor of 
2 in frequency response can be obtained by operating in the non-con- 
stant mobility range. This factor is gained at a considerable cost in 
power dissipation, and it is therefore unprofitable to extend the design 
into this operating range. 


Design Nomographs for Wo/L = E,. Nomographs have been given, 
Figs. 3 and 4, representing the field-effect equations for the gradual 
approximation without any restrictions on field. It will be noted that, 
in order to obtain a unique set of solutions with these nomographs, three 
choices have to be made. For example, if oo (and therefore N) and a are 
chosen, Wo is determined in Fig. 3, but another choice, say (a/L), must 
be made to determine the values of f and gmo in Fig. 4. If now we stipu- 
late that Wo/L = E,, we are left with only two choices, and therefore 
the two nomographs can be combined in one. This new nomograph is 
shown in Fig. 8. In determining the scale factors E, = E, was taken as 
1000 v/em. For n-type germanium at room temperature the critical field 
is actually 900 v/cm, but the figure of 1000 v/em was used to give some 
simplification of the scale factors. 

Of the three restrictions imposed on the analysis, restriction iii has 
been incorporated in the monograph of Fig. 8. Restriction i states that 
(a/L) shall be small compared to unity. It is difficult to assess exactly 
the error that will be introduced as (a/L) approaches unity, but cer- 
tainly the nomograph should not be used for values of (a/L) greater 
than ¥%. This region has been marked on Fig. 8. Restriction ii states 
that the analysis will not be accurate for materials with oo < 0.05 
ohms~!-cm~? and this region has also been marked on Fig. 8. 

A theoretical limitation, which has not so far been considered, is con- 
cerned with the minimum allowable pinch-off voltage. If the reverse 
gate bias is insufficient to saturate the junction, the gate impedance will 
be much lower than the value predicted from theory, and will vary with 
gate bias, It is therefore necessary that the gate be saturated, i.e., that 
the reverse bias be large compared with k7'/q, which, at room tempera- 
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ture, is approximately 0.025 v. In practice it is found that a junction i 
sensibly saturated at 0.1 v bias. However, if the gate is to be saturat 
over most of its length the pinch-off voltage, Wo, must be much great 
than 0.1 v. A reasonable lower limit to the value of Wo would there 
fore be about 0.5 v, and this limitation is marked on the nomograph: 
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Fic. 8 Design nomograph for average channel field equal to E,. 


As a consequence of this choice, the upper limit of frequency resp 
as given by the nomograph, is 10° cps. 

A practical limitation in the design of field-effect transistors is 
allowable power dissipation in the unit. This is determined by the po 
that can be removed without undue temperature rise. With use of 
cooling fin on the gate, the power that can be removed from a unit 0 
em width will be approximately proportional to the length, L, of 
channel. Therefore, a reasonable design criterion would be the 
dissipated per unit length of channel, that is, P = Wolpo/L. This f 
tion reduces to 


P = Wolpo/L = (49) uoK B,"(L/a), 
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Putting in numbers for uo, K and E, gives 
P = 6.7(L/a). (61) 


In the units that have been made and cooled by this method, the 
channel length was 0.005 in. With the fin water-cooled, a maximum 
power of 5 watts could be dissipated with only a small rise in tempera- 
ture. If this case is taken to represent the best that can be done, then 
P = 400 watts/em and substituting in equation (61) gives a maximum 
value of (L/a) of 60. Therefore the limitation imposed by the allowable 
power dissipation restricts the designs to those having values of (L/a) 
less than 60. This region is marked on the nomograph. 


Some Possible Designs of Field-Effect Transistors. In Table 1 are 
shown the properties of some transistors designed by means of the nomo- 
graph. Unit No. 1 is chosen to give the maximum theoretical frequency 


TABLE 1 DESIGN PARAMETERS AND CHARACTERISTICS OF SOME 
FIELD-EFFECT STRUCTURES 


No. Remarks ry a L fo &mo Wo Ipo Power 
ohm- em em eps ma/v | volts | ma watts 
cm 
1 | Max. fo, max.a | 15 3 x 1074 6 xX 10-4 10° 70 0.5| 12 | 6x 10-3 
2 | Max. fo, 0.07| 2x 10-5 6 x 10-4 10° 108 0.5| 180 | 9 x 107? 
max. gmo 
8 | Max. power 20 1.1 X 107? | 6.6 x 107! 8x 10°| 1.7 | 600 400 240 
4 |p = 20, Wo = 30] 20 2.6 X 107% 2x 1072/16 xX 107] 8 30 80 2.5 


response, 1000 me, with the widest possible channel. It is therefore the 
most feasible design for the highest frequency response. However, the 
dimensions of this unit—channel length and distance between gates both 
being about 44 mil—make fabrication difficult. If such a unit could be 
made, it would have some very desirable properties: frequency response 
of 1000 me, transconductance of 70 ma/v and ability to operate with a 
12 ma current from a 0.5-v supply. 

Unit No. 2 is designed for maximum frequency response together 
with maximum transconductance. The dimensions of this unit are too 
small to be considered feasible with existing techniques. Unit No. 3, 
designed for maximum power dissipation could be made, provided that 
junctions to 20 ohm-cm germanium could be made with breakdown volt- 
age greater than 600 v. If it were possible to obtain body breakdown 
(Ref. 4), such junctions would stand approximately 800 v reverse bias. 
In practice however, perhaps due to surface breakdown, it is difficult to 
exceed 100 v. 

Unit No. 4 represents about the best unit that has been made with 
the molten-metal process. 
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PART Il. EXPERIMENTAL RESULTS 


1 INTRODUCTION 


In Part I we hav presented the design theory of field-effect transis- 
tors; in this part ve shall present experimental data which verify the 
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Fia. 9 


Schematic diagram of experimental transistor. 


design theory. Allspecimens to be described were made using n-ty 
germanium for the shannel material. The p-type gates were formed b 
the indium alloy process. j 

In order to obtan higher frequency response the dimensions of 
channel were made mall. The exact choice of resistivity was determin 
by two consideratins. It must be sufficiently low to avoid negati 
resistance effects but not so low that the pinch-off voltage becomes 
cessive for reasonatle channel thickness. It was found that 20 ohm- 
germanium was a giod compromise. By the use of a confining jig duri 
alloying, it was posable to make alloy gates as small as 5 mils long. Wi 
such dimensions and material, the power dissipation in the channel w 
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lia. 10 Photograph of experimental transistor. 


The largest component is the 
cooling fin which also serves as the gate contact. The upper lead goes 
to the source, the lower to the drain. 


of the order of a few watts, and means had to be provided for removing 
heat from the specimen. This was done by attaching a cooling fin to the 
indium during the alloying process. As previously (Ref. 2), a grown 
n-n+ junction was incorporated to provide a drain contact that would 
not inject holes, and a tin alloy contact was used for the source. Close 
source to gate spacing was achieved by alloying the source and gate con- 
tacts simultaneously in the jig. A schematic diagram of the unit is 
shown in Fig. 9, and a photograph of the completed structure in Fig. 10. 
An exploded view of the alloying jig used in making the unit is shown 
in Fig. 11. 

In all, nine successful units were made in this way. The salient prop- 
erties of these are shown in Table 2. Before discussing these properties 
we will describe the testing procedures used. 


2 MEASUREMENT TECHNIQUES 


2.1 MasureMent or Static CuHaracteristics. A preliminary ex- 
umination of the characteristics was made using a pulse-operated E-I 
presentation unit. In this way it was possible to determine the general 
behavior of a specimen without risk of overheating, If the specimen 
appeared to be satisfactory, ie,, showed pinch-off and transconductance, 
the de characteristics were then measured, 
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Fic. 11 Exploded view of the jig used in fabrication. 


TABLE 2 












Unit No. Rs fo 
(300°K) 
ma/v me 
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2.2 DrrerRMINATION OF SourcH, CHANNEL, AND Drain Resist 
Ry, Ro, AND Rp. If a positive voltage is applied to the drain while 
gate is open-circuited, then the gate will float at a potential app 
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mately equal to that at the source end of the channel. The reason for this 
behavior can be seen in the following way. The net gate current must 
be zero. If the gate were to become much more positive than the source 
end of the channel, a considerable fraction of the length of the gate would 
be biased in the forward direction and a large current would flow into the 
gate. If, on the other hand, the gate were to become much more negative 
than the source end of the channel, all of the gate junction would be in 
the reverse direction and the saturation current would flow out of the 
gate. The gate must therefore take up a potential very close to that of 
the source end of the channel. In fact, the potential will be slightly more 
positive, so that a forward current from a small portion of the gate at the 
source end will neutralize the reverse saturation current of the remainder 
of the gate. Thus the open-circuit gate potential is closely equal to the 
potential drop in the source resistance Ry and, if the current Jy is meas- 
ured, the value of Rg can be determined. In the experiment, the gate 
potential was measured with an electronic voltmeter having an input im- 
pedance of 15 megohms, so that the gate was essentially open circuited. 

To determine the value of Rp the source and drain connections were 
interchanged and the experiment repeated. Ro was determined from the 
measured value of the sum of Rp, Ro and Rp. The sum was determined 
from the ratio of Vp to Ip for values of Vp sufficiently small compared 
(o Wo so that there was negligible “pinching-off” in the channel. 


2.3 FrequENcy Response. The cutoff frequency of many of these 
units was about 20 me and, in one case, as high as 50 me. A thorough 
investigation of the frequency response up to these frequencies would be 


oS RADIO 
° RECEIVER 





Fia, 12 Test circuit used in estimating the frequency response. 


4 long and difficult experiment and was not attempted, However, an 
oxtimate of the response can be obtained from the performance of a 
unit when operated as an oscillator, It is shown, in Appendix 2 of this 
paper, that the maximum frequency at which a closely-coupled feedback 
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oscillator can be made to oscillate is approximately equal to the cutoff 
frequency fo determined by the theory. The circuit used in the experi-— 
ment is shown in Fig. 12. Close coupling for the feedback was obtained — 
by winding one coil inside the other. The presence of oscillation was de- 
tected by a loosely coupled radio receiver. Coarse changes in frequency 
were made by changing coils, while fine control was obtained with the 
variable capacitance K. The experiment was started by making the 
circuit oscillate at a comparatively low frequency, say, 100 ke. The 


° RADIO 
o RECEIVER 





Fic. 13 Modified circuit for demonstrating both amplitude and frequency modu 
lation. 


frequency was then increased continuously until no oscillation could 
excited. It was also found possible to modulate the oscillation in th 
circuit of Fig. 13. 


3 EXPERIMENTAL RESULTS 


In all, tests were made on nine specimens, and the properties of th 
are shown in Table 2. In these specimens the gate length, L, was abo 
7 mils, so that the pinch-off voltage at which the average field beca 
equal to the critical field, Z., was 20 v. It is seen that most of the speck 
mens had pinch-off voltages much in excess of 20 v and would theref 
not obey the constant-mobility theory. We shall describe one such uni 
No. 32, in detail in Sections 3.3 and 3.4 below. However, two specimens 
No. 35 and No. 36, had lower pinch-off voltages and they should approxh 
mately agree with the constant-mobility theory. Of these two, No, 
was investigated more thoroughly and we will begin by discussing | 
behavior. 


3.1 Sratic CHaracteristics or No. 35. The drain characteristics 
unit No. 35 are shown in Fig. 14, and the gate characteristics in Fig, 
It is seen that the unit had a pinch-off voltage of about 27.5 v. With 
gate length of 7 mils this gives an average field in the channel of 
1500 v/em, This is 50 per cent higher than the critical field, Howe 
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Fic. 14 Experimental drain characteristics for unit No. 35. 





the square-root theory shows that no significant correction need be ap- 
plied until the unit is operating much farther into the square-root range. 
In Fig. 16 the experimental points for Vg = 0 are replotted to the normal- 
ized scales of Vp/Wo and Ip/Ino. On the same figure are plotted the 
theoretical curves for the constant-mobility and square-root cases. It is 
seen that the experimental curve is in close agreement with that for the 
constant-mobility theory. 


CURRENT, Ic ,IN MICROAMPERES 





Vp IN VOLTS 
Via, 16 Gate characteriatic for unit No, 35, 
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In Fig. 17 a comparison has been made between the theoretical an 
the observed dependence of pinch-off current on the “effective gate bias,’ 
Vee, which differs from the applied bias by the voltage drop in the soure 
resistor. The experimental points are shown as circles, and the solid lin 
is the constant-mobility curve adjusted to pass through the V¢ = 
point (i.e., Vge = 0.55). It is seen that there is good agreement. 





© EXPERIMENTAL POINTS 
NO.35 (NORMALIZED) 


Wo= 27.5 V 





Fre. 16 Comparison of the experimental drain characteristic for unit No. 35 
the two theoretical curves. It can be seen that the experimental po 
agree with the constant-mobility theory. 


Figs. 16 and 17, just described, show that the current-voltage relati 
ships are of the form predicted by the constant-mobility theory. It 
mains to determine whether the magnitudes of such characteristic par 
eters as Ino, Jmo, ete., are in agreement with those calculated from 
dimensions of the specimen. The accuracy of such a comparison 
depend on the accuracy to which the dimensions of the specimen 
known. The channel length, L, can be measured under a microsé 
while the channel thickness, a, can be calculated from the value 
pinch-off voltage. The width Z of the channel, however, is much 
difficult to determine. From sections made of other specimens, it ap 
that the channel cross-section tends to be elliptical rather than reeta 
lar.” The exact influence that this departure will have on the eff 


*This effect can perhaps be minimised by the use of the (111) plane orien 
of the original material during alloying, 
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width of the channel has not been determined, but certainly the effective 
value of Z will be less than the total thickness of the blank. A reasonable 
approach is to take Z as an unknown and, on a bias of comparison of 
theory and experiment, determine its value and see if it is reasonable. 

The measured transconductance at zero effective gate bias is 1.65 ma/v, 
whereas theory gives a value of 12 ma/v per cm in the Z direction. This 
comparison would suggest an effective channel width Z of 0.14 cm as 
compared to a blank width of 0.32 em. Taking Z as 0.14 cm, the theory 





























0 2 4 6 8 0 12 #414 #216 18 20 
—VGe 
"ia, 17 Dependence of saturated drain current on gate voltage. The solid line 


is derived from the constant-mobility theory while points are experi- 
mental values for unit No. 35. 


gives a value of pinched-off current at zero gate bias of 15.1 ma, and 
(his is in good agreement with the experimental value of 15.8 ma. We 
wonclude that the experimental values are in good agreement with the 
vonstant-mobility theory if Z is taken to be about one-half the blank 
thickness. This is deemed to be a reasonable supposition. 


3.2 HigH-FREquency PrrrorMaNces No. 35. The performance of the 
nit as an oscillator gave further confirmation of the theory. At com- 
paratively low frequency, say, 100 ke, the occurrence of oscillation was 
neoompanied by a forward current at the gate. This is analogous to the 
~ current observed when a vacuum tube oscillates. When a negative 
/ia# Was applied to the gate, the amplitude of oscillation (as observed 
on an oscilloscope) increased and, by adjusting the gate bias, a maximum 
wak-to-peak amplitude equal to twice the drain bias was obtained. 

his behavior shows that the transconductance was sufficiently high so 
that the amplitude of oscillation was not limited by it, but rather by the 
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bias voltages. At higher frequencies the forward gate-current was not 
observed. Furthermore the amplitude of the oscillation was much less_ 
than twice the drain bias and decreased with frequency. This behavior 
implies that at these higher frequencies the circuit had become transcon- 
ductance limited. As the frequency increases so does the required trans- 
conductance and, since the maximum transconductance is obtained at 


very small bias, the gate bias and therefore signal amplitude must 
decrease. 

The highest frequency at which continuous oscillation could be ob- 
tained was 31 me. This figure agrees reasonably well with the value of 
48 me predicted from the theory. At slightly higher frequency, oscil. 
lation occurred for a few seconds after the bias voltages were applied 
and then died out. This effect can be attributed to the temperature de 
pendence of the transconductance. When the power was first turned on 
the transconductance was just big enough to support oscillation. Afte 
switch-on the temperature of the specimen increased slightly, causing 
decrease in conductivity of the germanium. Since the transconductane 
is proportional to the conductivity, the transconductance fell slight 
and oscillation ceased. 

With this specimen it was found possible to amplitude- and frequency 
modulate the oscillation. A telephone transmitter was used to modulat 
the gate bias as shown in Fig. 13. The mechanism for modulation is 
follows. When the gate bias is varied both the transconductance of th 
device and its input capacity vary. The first effect causes amplitud 
modulation of the oscillations under conditions when operation is tran 
conductance limited, ie., at the higher frequencies. Since the inp 
impedance appears across the tank circuit, the change in input capacit 
causes frequency modulation under conditions when the input capacil} 
and the tank-circuit capacity are of the same order of magnitude, i, 
at the higher frequencies. It was found that both AM and FM co 

be obtained at frequencies close to 31 me. At much lower frequene 
only very slight AM was observed. It was not possible to look for F 


at these lower frequencies, as the receiver was not equipped for FI 
detection in this range. 


3.3 Sratic CHARACTERISTICS OF Unit No. 32. The static drain ch 
acteristics of unit No. 32 are shown in Fig. 18. It is seen that the ap 
parent pinch-off voltage is about 40 v. With a gate length of 0.007 in 
an average field is obtained in the channel of 2300 v/em. This is w 
above the critical field and we should therefore expect departure fro! 
the constant-mobility theory. 

The dependence of pinched-off drain current on effective gate volt 
for unit No. 32 is shown in Fig. 19. The observed points are shown & 
circles. The two dashed curves are derived from the constant-mobilil 
theory for two values of pinch-off voltage. Wo = 40 v and Wo = 55 
Tt can be seen that the slopes of these curves are too steep to fit the ol 
served points, (Compare their fit with that of Fig. 17.) The solid | 
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CURRENT, Ip, IN MILLIAMPERES 





Vp IN VOLTS 


Fie. 18 Experimental drain characteristics for unit No. 32. 
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Via, 19 Dependence of saturated drain current on gate voltage for unit No, 32, 
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is derived from the square-root mobility theory for Wo = 55 v, and fits 
the observed points well. The value of 55 v was chosen to give the 
best fit. Since the square-root mobility theory predicts a very gradual 
pinch-off it would be difficult to determine Wo accurately from the 
Ip — Vp characteristic, but referring to Fig. 18 one may see that a value 
of 55 v is not unreasonable. Thus it seems that unit No. 32 follows 
the general form of the square-root mobility theory. 

We shall now compare the magnitudes of Ipo, mo, etc., as determined 
by the two theories and the dimensions of the specimen, with the ob- 
served values. As before we assume that the effective width Z is such as 
to give agreement with Io and is reasonable. In Table 3 the observed 





TABLE 3 
Constant 4 Theory} Square-root 4 Theory 
A B C D Units 
(obs) (calc) (obs) (eale ) 

Wo (assumed)...... — 40 — 55 v 
Wo (observed)...... 40 — 55? _— v 
Z (assumed)........ — 0.113 — 0.196 | cm 
Z (observed)....... 0.32 — 0.32 — cm 
Gaiden nate Uaidis eee 1.8 1.8 1.9 1.9 ma/v 
Dos eitace ol dace ce 46 24 40 35 ma 
Ftc tio tceouate 50 70 50 46 me 





values and values calculated from the two theories are compared. 
compare four cases, A, B, C, and D, defined as follows: 


A. Observed values extrapolated to Vge = 0 (from Vg = 0 data) 
using Wo = 40 v and the dependence of Jp and gm on Vg given by t 
constant-mobility theory. 

B. Values calculated from the » = yo theory using Wo = 40 v. 

C. Observed values extrapolated to Vge = 0 (from Vg = 0 data) 
using Wo) = 55 v and the dependence of Jp and gm on Vg given by t 
square-root mobility theory. 

D. Values calculated from the square-root mobility theory using Wo 
55 v. 


It is seen that, even when Z is chosen to give perfect agreement 
Ymo, the agreement between theory and experiment is better in 
square-root case than in the constant case. In addition, the value of 
that was assumed in the square-root case is a larger fraction of the bla 
width and therefore is more reasonable, 
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3.4 Hicu Frequency Benavior oF No. 32. Oscillations were obtained 
with unit No. 32 up to a frequency of 50 me. This value is in reasonable 
agreement with the calculated value of 46 mc. The general behavior of 
the unit was similar to that of No. 35. 


SUMMARY AND CONCLUSIONS 


In the foregoing sections we have extended the design theory of field- 
effect transistors to include the effects of field-dependent mobility. It 
has been shown that when these factors are taken into account it should 
be possible to approach the 1000 me range at low power. Other possible 
advantages exist, however, for field-effect transistors. They can be de- 
signed for high power at lower frequencies. They can be used as direct 
replacements for pentode tubes without power supply alterations. It 
should also be possible, especially in silicon designs, to obtain very high 
input impedance and low noise, making the structure attractive for elec- 
trometer applications. On the debit side, the variation of g, with V¢ 
may lead to circuit complications in some applications. In the last analy- 
sis, of course, the eventual acceptance of the field-effect transistor hinges, 
as in sO Many cases, upon economic factors. 


APPENDIX 1 


It is of interest to calculate the transit time across the channel and 
the channel shape. In the constant-mobility case Shockley has shown 
(Ref. 1) that the channel shape is 


x = —(alp/I)[u?/2 — u3/3] = —6L[u?/2 — u3/3], (62) 
where u = b/a. The field at any point u(x) is given by 
E(u) = I/g(u) = Ia/gob = IaEo/Ipb = Wo/3Lu, (63) 
so that the transit time 7 is given by 
i 1 
T -{ dz/poH = 181? f [u(u — u*)/poWo] du. (64) 
0 0 
Upon integration 
T= 3L?/2uoW o. (65) 


For the non-constant mobility case we can readily calculate the channel 
shape as follows. From (17) and (19) we write 


I? = 4007b?E,(dW /db) (db/dz). (66) 
The value of dW/db can be obtained from (15) and is 
dW /db = 2Wo(a — b)/a?. (67) 
When this value is substituted in (66) we obtain 
Pda @ 8o°ByWoa'ut(1 = u) du, (68) 
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where again u = b/a. Upon integration we obtain 
Tx = 8097E.a?W(u?/3 — u*/4). (69) 


Thus if we let J = J, when x = L, u = 1 we obtain 

I, = o9a(2E,Wo/3L)%, (70) 
as before. Using (70) to eliminate J from (69) we finally obtain 

x = 12L(u3/3 — ut/4). (71) 


In Fig. 20 the channel shape for the constant and square-root mobility 
cases as obtained from (62) and (71) are shown. It can be seen that the 


-l0 -09 -08 -07 -06 -05 -04 -03 -02 -O1 ° 
X/L 


Fic. 20 Comparison of theoretical channel-shapes for the constant and ni 
constant mobility cases. 


two channels are of similar general shape and that the non-constant mob 
ity case would behave experimentally like a constant-mobility chann 
with smaller a. 

The transit time 7, for the non-linear case is readily obtained from t 
integral 


L 1 
re = fd /uo(BoE)* = (12L/wo)(BL/BcWo)* { (ub — 8) du 
0 0 


7 
= (3L/5y)(6L/E.Wo)”* = 1.47L/(uo"E-Wo/L)”. 


The expression (u9?Eo/L)” is the velocity corresponding to square- 
mobility in the average field Hz = Wo/L. 


APPENDIX 2 


Proof that in a unity coupled feedback oscillator circuit, the maxim 
oscillation frequency of a field-effect transistor is approximately equal 
the theoretical value fy. 

We assume that the only reactive element in the transistor is 
capacitance across the space-charge layer, This capacitance has to 
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charged through the channel resistance. Now if we represent the capaci- 
tance and resistance by lumped circuit elements, in accordance with 
Shockley’s theory, the transistor may be considered to be as shown in 
Fig. 21(a). When an incremental voltage AV, is applied between gate 


! 





Via. 21 (a) Schematic diagram of equivalent circuit. (b) Equivalent circuit. 


and source, an incremental voltage AV, will appear across the capacitance 
C causing a change, AJ, in drain current proportional to AV2. That. is, 


Now at de, AVp = AV, and ATI = gmo AVi, where gmo is the maximum 
vero-bias transconductance. Therefore, the constant of proportionality is 
(mo and we may write 

AI = Jmo AVo. 


At any frequency f = w/2r 
AV2 = AV,/(1 + jwCR) 
“ AI = gmo AV1/(1 + jwCR), 
and we may define an ac transconductance, gw, as 
go = AI/AV, = gmo/(1 + jwCR). (73) 


‘The input impedance at the gate is simply that of C and R in series. 
Using this fact and the result of equation (73), the transistor may be 
represented by the equivalent circuit of Fig. 21(b). 

Now, consider the circuit of Fig. 22(a) which represents a feedback 
oscillator using a field-effect transistor, If we assume that the feedback 
coils are unity coupled, then oscillation will be just possible when V, 
and Vo are equal in magnitude and phase, Furthermore, the input im- 
pedance of the gate will effectively appear across the tank cireuit as 
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shown in Fig. 22(b). 
sistor is f;, where 


Now the theoretical cutoff frequency of the tran- 


1 
= —— = w,/2r. 
fi 2,0R ow / Qa (74) 
At frequencies far below fi, the shunting impedance of C and RF will be 
high and can be neglected. If, then, the Q of the tank circuit (LKS) is 
sufficiently high, the circuit will oscillate. However, at frequencies close _ 
to fi, the shunting impedance will be of the order of R, which in the 





(a) (b) 


Fic. 22 (a) Oscillator equivalent circuit. (b) Simplification of (a) assuming uni 
coupling. . 


units tested was about 100 ohms. At such frequencies, if the Q of the 
tank circuit is high, the effect of the resistance S will be small compare 
to that of R and may be neglected. We will now analyze the circui 
neglecting S. Then 


Vo/Vi = Gu, 
where Z is the impedance of the tank circuit. Substituting for g, and 
gives 

1 —1 
Vo/Vs = lmo/(t + jaCR)] | ja + Jl /(L + JR) 
aw) 


75 
joL{1 — LC — LK = poCRO — @ LR) ( 
(1 — w®LC — w?LK)? + w20?R{1 — w*LKP 


= Jmo 


This is real if 
w°LC + w*LK = 1. (76 


Substituting this condition into equation (75) and putting Vo/V, = 
gives 
Gmow*LCR(1 — w*LK] = w*C?R7[1 — w*LK}?, 
and if 1 — w°LK 0 
dmols = CR(1 — w*®LK), 
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Substituting for (1 — w?LK) from equation (76) gives 


Imo = w?C?R? 
wo 1 
= oe . > 
But “. w = 0179mol. 
1 2 
Jmo = Ro = RE (77) 


.o= V 21. 


The maximum possible frequency of oscillation is approximately equal 
to the theoretical cutoff frequency as shown in (77). This analysis 
was made neglecting the effects of stray capacitances. However, each of 
the strays can be considered as equivalent to a capacitance in parallel 
with the tank circuit and therefore simply changes the effective magni- 
tude of K. Thus (77) is valid in the presence of stray capacitance. 
Therefore by using a closely coupled feedback oscillator and determining 
the maximum frequency at which oscillations can be obtained the theo- 
retical cutoff frequency can be approximately determined. 
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Chapter 10 


BEHAVIOR OF NOISE FIGURE 
IN JUNCTION TRANSISTORS * 


















It is well known that generator resistance and dc emitter current are tw 
major factors in determining the novse figure of junction transistor, 
Other important factors are base resistance, low-frequency alpha, a 
alpha cutoff frequency. A method of calculating the noise figure in ter 
of these parameters, the frequency variation of the noise figure, and the 
conditions for minimizing the noise figure are presented. The results 
vide means for specifying transistor and circuit parameters to meet n 
requirements. 

In the absence of “excess,” or 1/f, noise, the noise figure as a functi 
of frequency for the common base, common collector, and comm 


emitter configurations is constant up to V1 — do fa. Here ao is the low 
frequency alpha and f, the alpha cutoff frequency. Above this freque 
the noise figure increases toward an asymptote of 6 db/octave. Calcu 
tions show that, for minimum noise figure, the base resistance and emitt 
current should be small; ao should be close to one; fa should be large; a 
the driving source resistance has an optimum value. 

The work is based on a simplified version of a transistor noise equiv) 
lent circuit developed by A. van der Ziel (Ref. 1). 





INTRODUCTION 


As a result of considerable experimental work, much has been learn 
about the qualitative behavior of the noise figure in junction transisto 
(Ref. 2,3). As shown in Fig. 1, the noise figure is found to be high at lo 
frequencies. This is caused by “excess,” or 1/f, noise. Fortunately, it 
many transistors excess noise is negligible above 1 ke. 


* Originally published in Proc, 7RE, Vol, 45, July 1957, 

The author is indebted to A, van der Ziel and H, C, Montgomery for th 
information and discussions about the noise theory, and to J, L, Robson for 
painstaking measurements and analysis of data, 
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In the center frequency region the noise figure decreases to a minimum 
of about 2 to 6 db. It is essentially constant in this region (unless 
the excess noise is so large that the curve becomes V-shaped). Finally, 
at higher frequencies the noise figure increases. It has also been found 
experimentally that, for minimum noise figure, the emitter current should 
be small and the driving source resistance has an optimum value. 

Except for the excess noise this behavior is predicted from the basic 
physical parameters in a transistor noise equivalent circuit. From this 
circuit the equations for the noise figure of the common base, common 
emitter, and common collector configurations will be calculated. The 


NOISE FIGURE IN DECIBELS 
—_ 


LOG OF FREQUENCY —> 


Fic. 1 Noise figure as a function of frequency. 


equations will be analyzed to determine the conditions for minimum noise 
figure and the effect of transistor and circuit parameters on the noise 
figure. 


NOISE EQUIVALENT CIRCUIT 


The noise in a transistor is assumed to arise from three sources: (1) 
diffusion fluctuations and (2) recombination fluctuations in the base 
region and (3) ordinary thermal, or Johnson, noise in the base resistance. 
These fluctuations produce noise at the terminals of the transistor. For 
the purpose of circuit analysis, van der Ziel has represented the noise by 
equivalent noise generators attached to the transistor 7 equivalent cir- 
cuit (Ref. 4). Two correlated generators, one at the emitter and one 
ut the collector, represent the fluctuations due to diffusion and recombi- 
nation in the base region. An independent generator in the base lead 
represents the thermal noise in the base resistance. 

For frequencies below the alpha cutoff frequency, a simplified noise 
equivalent circuit (Fig. 2) gives good results. The principal simplifica- 
(ions over van der Ziel’s circuit are: 


1, The frequency dependence of the emitter noise generator has been 
neglected, ‘ 

2, The emitter and collector noise generators have been assumed in- 
dependent, 

8, The T equivalent circuit has been simplified by neglecting the effect 
of space-charge layer widening, and neglecting the frequency char- 
acteristic of the emitter diode impedance, 
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In practice, the noise figure calculated from this equivalent circuit is in 
good agreement with experiment to frequencies beyond the alpha cutoff 


frequency. 
The noise at the emitter is represented by a mean square Norton gen- 


erator, a2, connected across the junction. 
i? = Qq1. df (1) 


where q is the electronic charge, J, the de emitter current, and df the fre- 
quency interval. This noise is frequently called shot noise, because the 





ob 


Fig. 2 Simplified noise equivalent circuit. 


shot noise in a temperature-limited vacuum diode is given by the sa 
formula. 
The noise at the collector is represented by the Norton generator 


—_ 


i? = 2ale | 1 =H) df 


ao 


where J, is the de collector current and a is the transistor’s alpha (Ref. 5 
This formula is the key to the transistor’s high-frequency noise perform 
ance. As the frequency is increased the accompanying decrease in a cau 


i? to increase. At high frequencies a approaches zero and the collect 
noise equation approaches the expression for full shot noise. 


i? |ano = 2g df. 
At low frequencies a = do, and equation (2) becomes 


ic? |amay = 2g1e(1 — ao) af 
so that the collector noise is reduced by (1 — do). 





If a is replaced by the first-order approximation , equation ( 


+42 
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b+ Oa] 


The equation has the form of doublet. It is constant with increasing fre- 
quency up to a corner frequency, ~/1 — ag fa, and then increases at the 
rate of 6 db/octave. At f, a second corner occurs and it becomes flat again. 

To complete the noise picture, a noise generator, en’, must be added in 


series with the base resistance, r’y. Since r’, is an ohmic resistance, ey" isa 
thermal noise generator, 


becomes 


tee a 2qI-(1 — ao) (3) 


ey” = 4kTr’s df (4) 


bea k is Boltzmann’s constant and T the absolute temperature in degrees 
elvin. 

The noise figure can be calculated from Fig. 2; however, at this point it 
is convenient to replace the Norton generators by their Thevenin equiva- 
lents. The resulting circuit is shown in Fig. 3. A resistor, R,, and thermal 


28 


Te 






RIVING 
OURCE 


Fig. 3 Equivalent circuit with Thevenin generators. 


noise generator, ef, have been added to represent the internal resistance 
and thermal noise of a driving source. The formulas for the noise voltage 
generators in the circuit are 





ey? = 4kTr’s df, (4) 
eg? = 4kTR, df, (5) 
ee? = 2kTr, df, (6) 
2 
DiTag(t ~ a9) 2.8|[1 + (em) Jap 


0 (7) 


nie (2) ] 
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Equations (6) and (7) were obtained, respectively, from (1) and (3). In_ 
equation (3) aol. was substituted for J,; and in (1) and (3), kT'/r. was 
substituted for qJ.. 


Fig. 3, together with equations (4), (6), and (7), specifies the noise char- 
acteristics of the transistor. 


CALCULATION OF NOISE FIGURES 


The noise figure, F, is most easily calculated using the definition 


Total mean square noise voltage at output of transistor ; 
Uhr 
een square noise voltage at cage 

resulting from thermal noise in R, 


The noise figures for the common base and common emitter configurations 
F, and F,, respectively, are found to be the same (Ref. 6). 


Fy, = F, 


—) | 
1- ee R ’ |? 
gees ‘ ( on) [1+ (Gees [Rg + 1's + re 
2aor KR, 











The 1 in equation (9) always occurs in noise figure equations. It is t 
ratio of the thermal noise from R, appearing in the numerator of equati 
(8) to the same term in the denominator. 

The second term in equation (9) is due to the noise in 7r’,; the thir¢ 
term, the noise in r,; and the fourth term, the noise in the collector. 
collector term is the only term that is a function of frequency. At | 
frequencies the contributions of all the terms are usually of the same o 
of magnitude, but above 7/1 — do fa the collector term becomes dominan 


PROPORTIONS 


TOE 


—_ 


PROPORTIONAL 
TO (1-ao) 





COLLECTOR TERM IN DECIBELS 


LOG OF FREQUENCY —» Vi- 80 fa 
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Kia, 4 Collector term, 
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The behavior of the collector term is shown in Fig. 4. For frequencies 
below 1/1 — ao fa it is proportional to (1 — ao). Above ~/1 — ao fa it is 
2 


proportional to 





, and therefore increases at the rate of 6 db/octave of 


a. 
frequency. Clearly, reducing (1 — ag) reduces the low-frequency noise 
and increasing f, reduces the high-frequency noise. 

Like the collector term, the noise figure will also have a 6 db/octave 
slope at high frequencies. Because of the first three terms in equation (9), 
its corner frequency will be greater than ~/1 — ao fa. However, as a rule 
of thumb, it is often convenient to think of ~/1 — ag fa as an approximate 
corner for the noise figure. This frequency can be remembered as the 





geometric mean of the common emitter and common base cutoff fre- 
quencies. 


The common collector noise figure, F’,, is the same as the common base 
and common emitter noise figures, except for the last term 


var) 


=] eens 
+R, t oR, 





(10) 
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Under most operating conditions 


a ~ 1 
Retry =Retrotre 
f<fa 
so that 
F,=F,=F, 


and the noise figures for the three configurations are approximately equal. 
2 


However, at frequencies above f, the f +(+ term in (10) causes F, 


Fa 
to become constant with increasing frequency, whereas F, and F, con- 
tinue to increase. 

The measured common emitter and common collector noise figures of a 
type 2N43 transistor, together with the calculated curves, are shown in 
Fig. 5. F, and F, are constant with frequency to ~/1 — ao fa where they 
begin to increase. Above f, the common collector noise figure becomes 
constant while the common emitter noise figure continues to increase. 
The calculated curves have the same shape and, except for the lowest fre- 
quencies, are within 2 db of the measured curves. These curves are typical 
of the experimental results which will be discussed in a later section. 


THE EFFECT OF THE DRIVING SOURCE RESISTANCE ON 
THE NOISE FIGURE 


When plotted as a function of the driving source resistance, the noise 
figure has a minimum. Fig. 6 shows a typical set of measured and calcu- 
lated values of noise figures vs source resistance for a type 2N94A tran- 
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Kia, 6 Noise figure as a function of source resiatance, 
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sistor in the common emitter configuration. The measured curve has a 
minimum of 3.7 db at 700 ohms, and the calculated curve has a minimum 
of 2.3 db at 800 ohms. 

The source resistance for minimum noise figure, Rgcr opt), is found by 
the usual process of setting dF /dR, equal to zero. For this step it is con- 
venient to put (9) and (10) into a more compact form: 

2 
regs eS (11) 
R, R, 


where, for the common base and common emitter configurations, 


Te 
Ky =r’) + a 
Ke =rotte 
f 2 
a= [t+ Geez) | 
Rie ? V1 — afa , 


2dore 


and for the common collector configuration 


Te 
K, = Ua 
Ko = rs f ‘ 
a(l—a ji+(— +) 
Hic o( 0) FI San 


2 
m.[1+(7)| 
a 
The equation for RgcF opt) iS: 


2, & - 
Recr opt) = | Ke +e . (12) 
3 


The only frequency dependent term is K3 which causes Rr opt) to de- 
crease for frequencies between +/1 — do fa and fa. At frequencies below 


Ja, Recr opt) is approximately the same for the three configurations. 


The magnitude of Rr opt) a8 a function of emitter current is shown as 
the dotted curve in Fig. 7. The curve is plotted for a typical transistor 
(ag = 0.98, and r’, = 100 ohms) at frequencies below (1 — ao)fa. The 
values of source resistance for maximum available gain, Rg Gain opt) are 
plotted for the three configurations as solid lines (Ref. 7). The important 
relationship shown by Fig. 7 is that the source resistance for minimum 
noise figure is approximately equal to the source resistance for maximum, 
common emitter gain, In fact, it can be shown that for reasonable tran- 
nistor parameters and frequencies below (1 = do)fay Rear ops is always 
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Fic. 8 Effect of non-optimum source resistance on noise figure. 


Fig. 7 oe source resistance for minimum noise figure and for maximum CONDITIONS FOR MINIMUM NOISE FIGURE 

The noise figure can be minimized by suitably chosen transistor param- 
eters. It was shown previously that decreasing (1 — ao) and increasing 
fa reduced the noise figure. It can also be seen that, since r’, appears only 


in the numerators of (9) and (10), reducing the base resistance decreases 


within a factor of +/2 of the common emitter, Rg(Gain opt). From the 
standpoint of minimum low-frequency noise figure together with max 
imum low-frequency gain, the common emitter configuration is clearly thi 
better of the three. 

In designing circuits the question frequently arises, how much will t 
noise figure be degraded if the source resistance is not made equal t 


TRANSISTOR 2N94A 
FREQUENCY = 100 KC 
Rg =Rg (F opt) 














Rg opt)? The answer to this question is obtained by calculating P/F 9 
where Fin is the noise figure obtained when R, = Recr opt) (Ref. 8). a 
oO 
Ww 
= ( Rg a Rer 9) 5.4 
F ee 2 \Recr opt) R, c 
F, min 1+K 2 
where B 
Ko+ : 2 
9" OKs 
vp Reger opt) Ou 02. 03 0.40506 08 | 2 3 


EMITTER CURRENT IN MILLIAMPERES 


The ratio is symmetrical in R, about Recr opt); for Ry = Reve opt); Fria. 9 Minimum noise figure as a function of emitter current. 
ratio is 1. K is a number that never gets smaller than 1; usually it is 
the order of 2 or 3. The formula is plotted in Fig. 8 for values of K 
tween 1 and 10. For Ry ~ Regie opt) the curves are nearly flat. For 
within a factor of 2 of Ryc opt) the noise figure will not increase more t 
0.5 db; and for Ry within a factor of 5 of Rye opt) the noise figure will n 


increase more than 2.5 db, 


the noise figure. It is interesting to note that the requirements on do, fa, 
and r’, for minimum noise figure are the same as the requirements on these 
parameters for high-gain wide-band amplification, 

The effect of changing the emitter resistance is seen by expanding the 
equation for Fin, 86 that the solution appears as the sum of a number of 
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fractions. Among these fractions r, appears only in the denominators. 
Therefore, 7. should be large and, hence, the emitter current should be 
small. 

Fig. 9 is a plot of Fmin vs emitter current. The curve was obtained by 
computing Rg F opt) for a number of values of J, and using the comput 
values of Rgcr opt) in a circuit to measure the noise figure. The curve i 
approximately constant at about 2.2 db for J, below 0.5 ma. Abovi 
0.5 ma, the noise figure increases slowly with increasing J,. If the curv 
were extended to lower emitter currents, the noise figure would incre; 
again. This would be caused by the decrease in alpha at low currents a: 
the contribution of noise sources, such as the reverse saturation curren 
neglected in the analysis. 


EXPERIMENTAL RESULTS 


Most of the measurements have been made using the common emit 
configuration, but a few common collector measurements have also b 
made. The transistors were alloy junction units with alpha cutoff f 
quencies in the range of 1 to 10 mc. Limited measurements on gro 
junction and surface barrier transistors have given similar results. 

Figs. 5 and 6 are typical of the experimental data. Below ~/1 — ag 
the measured noise figure is usually 0 to 214 db greater than calcula 
Above 1 — ao fa the measured noise figure increases with a slope of 4 
6 db/octave as compared with the 6 db predicted by (9). In the com 
collector configuration the noise figure increases between ~/1 — do and. 
The slope of the curve decreases above fa, although it does not always 
come flat as indicated by (10). 

The fact that the measured noise figure is greater than calculated 
gests that not all of the noise sources have been adequately accounted 
or approximations in the development of the equations are resulting 
error. Approximations that may cause such errors are those mentioned 
ao 








reference 5, and the approximation a = The measurements 


i452 

Sa 
dicate, however, that the gross behavior of the noise figure is well 
dicted by the van der Ziel circuit, and much useful design information 
be obtained from it. 


CONCLUSIONS 


Except for excess noise, transistor noise is assumed to arise from diff 
and recombination fluctuations in the base region and from thermal nh 
in the base resistance. This noise is represented by noise generators 
nected in the legs of a 7' equivalent circuit. The emitter and base 
generators are independent of frequency, but the noise represented by 
collector generator increases with frequency. This causes the tr 
noise figure to increase at the rate of 6 db/octave for frequencies a 


1 = ao fa. 
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The noise figure for the three transistor configurations is approxi- 
mately the same, except above the alpha cutoff frequency. Here the 
common emitter and common base noise figures continue to increase with 
increasing frequency, but the common collector noise figure theoretically 
becomes constant. 

For minimum noise figure, alpha should be close to 1, the alpha cutoff 
frequency should be large, and the base resistance should be small. 
These are the same requirements on the transistor as for high-gain wide- 
band amplification. The emitter current should be small, and the driv- 
ing source resistance has an optimum value. For all configurations at low 
frequencies, the source resistance giving the minimum noise figure is 
approximately equal to the source resistance giving maximum, common 
emitter gain. This makes the common emitter configuration optimum for 
maximum gain and minimum noise at low frequencies. 

For a source resistance close to the optimum, the noise figure varies 
slowly. It will not be degraded by more than 0.5 db by a source resist- 
ance that is a factor of 2 away from the optimum, nor more than 2.5 db 
for a factor of 5 away. 

The experimental results are in general agreement with theory and 
indicate that much useful design information can be obtained from the 
van der Ziel noise theory. 


APPENDIX I 


CALCULATION OF CoMMON BasE Noise Ficurse. Using equation (8), 
(he noise figure is calculated from the equivalent circuit shown in Fig. 


€e eo alg Ze 
Soe + -—-\+ 
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Fie. 10 Circuit for noise figure calculation. 


10, For the purposes of the analysis the rms equivalent noise voltage 
generators, eg, @», @e, and e, have been assigned arbitrary polarities. 
By ordinary network analysis, 


eo = —ey + eo + I(r'y + aZ,), 
where 


m Oy + Oe + Oy 
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Combining and collecting terms we have 


eg(r’» + aZ-) e,(aZ, — Rg — Te) ee(7’5 + aZe) 
Re +rytte Re+r'ot te Retrot te 


Assume 


€ +e. (14 


ry, KaZ, 
RgttreKaZ¢. 
Taking the mean square value of both sides of (14), assuming no co 
tion between terms, we obtain 
oa eg? |aZ,|? ey? |aZe|? ee? |aZ_|? 
OT Retro? (Retest rey? Re trot nr)? 
By equation (8) the noise figure is 


+ e2, 


_ eot(Ry + 1'o + 1)? | 


Fy = 7h > oT 
ee’ |aZ-|? 
hence 
Fw ig Hg eg tet 
b = — =—= a 
eg” ee” eg’ | aZ,|? 





Substitution of (4) into (7) and a = 





into (15) gives 








ae 
fa 
f 2 
na ere lag 
: ; rs a do)[Rz + 15 + rel t 7 ae 
- +R, oR, Qaprele, 


APPENDIX II 


CALCULATION OF F/F in. The last term of equation (11) is expanded 
the equation put into the following form: 


1 
F=1+ 2K2K3 + R. (Ky + Ko?K3) + R,K3. 


& 
Taking the ratio F/F min we get 


1 
1 + 2K2K3 + — (Ki + Ko?Ky) + R, Ks 
F R, 
Frain 


1 
1 + 2KgKy + ———— (Ki + Ko? Ky) + Ryce op Xs 
Rye opt) 
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By dividing the numerator and denominator by Ks, the term in the paren- 
thesis becomes R?,(r opt). Making this substitution gives 


ts & 


F 
Frin 7 





1 Rar opt) 
kK + 2K + Sey = +R, 
3 


1 
R + 2Ke + 2Rer opt) 


Dividing the numerator and denominator by 2R,:F opt), We have 


1 1 1/Ryr o R 
mew (get ms) +5 +) 
F Rar opt) 2K3 2 R, Rye opt) 


Ree opt) K3 ; 


1 1 
rani) 
Rr opt) 2K3 


and dividing the numerator by the denominator puts the equation into its 





Letting 





final form: 
5(=2 opt) 4 Rg ) ey 
en ae 2 R, Ree opt) . 
Frmin K + 1 
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. It is assumed, in the development of this formula, that a is not a function 
of emitter current. Furthermore, leakage currents and the collector reverse 
saturation current have been neglected. 

. This is true under the assumptions that R, + r,.<KaZ, and R, + 1-K aZ,. 

The common base noise figure is calculated in Appendix I. 

7, Ro(aain opt) 18 the source resistance for matched input and output conditions. 

Equations for Ry gain opt) are given by F. R. Stansel, “Transistor equations,” 

Electronics, Vol. 26 (March 1953), pp. 156-158, where this resistance is called 

Raw. 


. This calculation is made in Appendix II of this article. 
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DESIGN IMPLICATIONS 
OF SURFACE PHENOMENA 

























As the earliest workers in the field suggested, surfaces are of the grea 
est practical importance in transistors. This chapter reports only a par 
of the extensive and intensive efforts to understand and control se 
conductor surfaces. The first paper is the most extensive review n 
available and includes a long bibliography. The channels of oppo! 
conductivity type, which can extend over a bulk semiconductor from 
p-n junction under certain ambient conditions, especially in the prese 
of moisture, are discussed in the next two papers and experimental dai 
is interpreted. The experiments described in the fourth paper make cl 
the reversible effects of oxygen and high humidity ambients on the m 
verse characteristics of p-n junctions in germanium and on the alpha 
germanium transistors. In the last paper a quantitative theory is p 
posed which seems reasonably consistent with these observations. 


11A. REVIEW OF GERMANIUM SURFACE PHENOMENA 


R. H. KINGSTON 


Germanium surface behavior has become of great interest, chiefly for 
importance in the understanding of diode and transistor technology, 
general, the surface may be treated as an assemblage of allowed elec 
states, occurring in the normally forbidden energy range. A review of 
measurements of the electrical properties suggests that there are two 
tinct types of state. The “fast’’ state has a hole or electron capture t 
not greater than a microsec and is chiefly involved in the recombinatii 
process. The “slow” state has capture times from a millisec to sev 
minutes, and determines the density and type of carrier at the surf 
“Fast” states are believed to occur at the interface between the german 


* Originally published in J. Appl. Phys., Vol. 27, Nov. 1956. 

It is obvious that a paper of this scope depended upon discussions and su 
from a large number of workers in the field in addition to those cited in the 
ences, The author wishes to acknowledge their help and in particular is i 
to J, E, Thomas, Jr, now at Wayne University, for his continuing encou 
and criticisms, 
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and the oxide layer, and their density of about 1011 cm—? 1s determined 
by the initial surface treatment. “Slow” states are associated with the 
structure of the oxide layer and the gaseous ambient, and have a density 
greater than 101% cm—?. Since these states determine the conductivity 
type at the surface, they contribute to surface “leakage” in diodes and 
transistors and, because of their long equilibrium times, to low-frequency 
noise. The adsorption of gases such as water vapor, not only controls 
the density and energy of the “slow” states but also leads to possible elec- 
trolytic conduction along the surface, in addition to the normal electron 
flow in the bulk semiconductor. 


INTRODUCTION 


In 1947, Bardeen (Ref. 1) considered the properties of a free semi- 
conductor surface and also a metal-to-semiconductor contact in terms of 
the possible occurrence of extra allowed energy states at the boundary of 
the material. These surface states were postulated to have energies in the 
forbidden region or energy gap of the semiconductor, and their inclusion 
in the theory successfully explained previous results of Benzer (Ref. 2) 
and Meyerhoff (Ref. 3) on contact potential and rectification in semicon- 
ductors. Shortly after this work further studies of semiconductor sur- 
faces led to the discovery of transistor action by Bardeen and Brattain 
(Ref. 4) in 1948. Following this development, research into semicon- 
ductor behavior and transistor development led to rapid advances in the 
understanding of the bulk properties of germanium, as well as the tech- 
nology of transistor fabrication. Although this work stemmed from 
studies of the germanium surface, it has not been until recent years that 
commensurate effort has been placed on the problem of the surface 
behavior. This interest in the surface has arisen largely from the prac- 
tical problems posed by transistor fabrication, namely, the failure of the 
bulk properties of the semiconductor to account for the anomalous be- 
havior of diodes and transistors. Such effects as surface recombination 
of minority carriers, “leakage” current in diodes, and excess noise are 
found to be sensitive functions of the surface preparation and ambient, 
und the present understanding of these phenomena will be of chief interest 
in this paper. 

Since the majority of the surface effects to be discussed may be con- 
sidered in the light of the surface state picture of Bardeen (Ref. 1) the 
work may be conveniently divided into four major sections. First, experi- 
nents will be described which measure the electronic properties of the 
surface and which may be interpreted by a generalized distribution of 
surface states. Second, the present data available from these experiments 
will be reviewed, leading to a semiquantitative description of the states. 
The third section will discuss the possible relation between the surface 
state distribution and the chemistry and atomic structure of the surface, 
while the last section will deal with the practical embodiments of these 
surface phenomena in semiconductor devices, 
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I PHYSICAL MEASUREMENT OF SURFACE EFFECTS 


In general the surface measurements to be described may be analyzed 
in terms of the energy level diagram of Fig. 1. This represents the equi- 
librium situation at the surface of a semiconductor, where E, and E, are 
the energies at the bottom of the conduction band and the top of the 
valence band, respectively. The dashed line, Ey, represents the Fermi 





Fic. 1 Energy level diagram of germanium surface. 


energy, which is a measure of the relative concentration of holes and el 
trons in the respective bands, while the dotted line, H;, is the value 
Ey for intrinsic material, having equal densities of holes and electr 
For convenience the position of the Fermi energy will be defined wii 
respect to H; by the quantity, 


1 
= = (Ep — Ei). 
q 


This leads to the expressions for the hole and electron densities at 
point in the semiconductor (Ref. 5), 


n = n;exp (9¢/kT),  p =n; exp (—9¢/kT) 


where 7; is the density of either carrier in intrinsic material. The val 
of ¢ in the bulk, far from the surface, is determined by the bulk impuri 
density and will be designated ¢z, while the value of ¢ at the surface 
be called ¢g. In this notation, positive values of ¢ correspond to ex 
electron or n-type conduction; negative values, to excess hole or p- 
conduction. In addition to the allowed energy levels in the bulk of 
material, a general distribution of states will be assumed to exist at 
surface represented by the squares in Fig. 1. Now, under equilib 
conditions, the net charge at the surface must be zero, assuming no 
ternal field. If there were no surface states, this criterion would be # 
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fied if @ were constant and equal to ¢g right up to the surface. If, now, 
states are added at the surface as in Fig. 1, they will contain a net charge 
which is a function of the position of the Fermi level or the quantity, 
¢s. In the case shown, the states would contain too much negative charge 
if ¢g were equal to ¢z, and therefore the energy bands must bend up at the 
surface, producing extra holes in the bulk material and reducing the nega- 
tive charge in the surface states. The equilibrium value of $s is reached 
when these two excess charge distributions are equal and opposite in sign. 
(There will, of course, be a constant charge contribution associated with 
the states which is independent of ¢s. This quantity depends upon the 
net charge of the state when empty, that is, whether it is a donor or 
acceptor.) In the presence of an external field applied perpendicular to 
the surface, the neutrality criterion will be modified such that the net 
charge in the bulk plus the charge in surface states is of proper magni- 
tude and sign to terminate the field. The charge in the bulk, the space 
charge, may be calculated from the values of ¢g and ¢g, and the ap- 
propriate value of n; for germanium at the temperature considered (Ref. 
6,7). Such a calculation also yields the expected depth of penetration of 
the space-charge region into the semiconductor, which under normal con- 
ditions is of the order of 10-5 cm, many orders of magnitude greater than 
that expected in a metallic conductor. This result, stemming from the 
much smaller free carrier density in the semiconductor, leads to a corre- 
spondingly greater potential change between the bulk and the surface, 
and thus explains why the semiconductor is much more sensitive to ac- 
cumulated charge on the surface than a metal. 


1 Surrace Conpuctance. The surface conductance of germanium 
may be measured by preparing a thin slab of the material such that 
changes in the. conductance at the surface are a reasonable percentage 
of the over-all sample conductance. Measurements of conductance as a 
function of surface treatment give, in theory, a direct measure of ds, 
since the density of holes and electrons in the space-charge region is a 
nique function of ¢g and ¢z, the latter quantity known from the bulk 
resistivity. Strictly speaking, one can only measure changes of conduct- 
ance in such an experiment; however, if the surface treatment is varied 
such that ¢g moves over a large enough range, a minimum in conductance 
will be found which may be used as a reference. This minimum occurs 
hear }g, equal to zero, or when the surface is near intrinsic, and is de- 
pendent upon ¢, and the carrier mobilities. Curves of surface conduct- 
ance vs og for different values of ¢g have been calculated by Schrieffer 
(Ref. 8), taking into account reduction of the free carrier mobility in the 
presence of a potential well at the surface. The curves of Fig. 2, taken 
from this work, show the conductance as a function of ¢s, with the zero 
value chosen arbitrarily at ¢y = 0. Data obtained in this type of experi- 
ment, relating @y to surface treatment, thus lead to a relationship be- 
tween surface state distribution and surface condition, 
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Fig. 2 Room temperature surface conductance vs ¢s for several values of 


2 Surrace RECOMBINATION VELociTy. The surface recombination 
of excess minority carriers is measured by the recombination velo 
defined by 

s=J/Ap 


where J is the recombination current in hole-electron pairs per unit 
per unit time and Ap is the excess minority carrier density at the su 
just inside the space-charge layer, i.e., where ¢ equals pp. Brat 
and Bardeen (Ref. 9) first treated the surface recombination process 
considering transitions through an intermediate state in the gap 81 
to the bulk process treated by Hall (Ref. 10) and Shockley and 
(Ref. 11). Considering states at one discrete energy, Stevenson 
Keyes (Ref. 12) have generalized this treatment to give 


= CyCnN i(Po + no) [en(ms + Ns1) + Cy (Ds + Psi) 


where: N; is the number of states per unit area, c, and c, are the 
ture probabilities per state per unit time for holes and electrons and 
given by the product of the respective capture cross sections and 
thermal velocity, p, and n, are the free carrier densities at the surf 
Ps: and m, are the surface densities, if the Fermi level passes th 
the state, and po and no are the bulk carrier densities. This fun 
is plotted in Fig. 3, for the case where the state energy H; is gre 
than Z;. The recombination velocity is seen to be constant over & 
dle range, falling off rapidly where qs equals (2, — Hy) and qx 
kT In (p/n) — (Ki = EB), For the case shown, the states being 
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the conduction band, the maximum recombination rate is determined 
by the capture probability of the holes by the surface state. The re- 
gion of constant s for ¢g near zero results from the constancy of the 
product, np., where n; is the trapped electron density; that is, because 
of the Boltzmann statistics, the number of electrons in surface states is 
inversely proportional to the number of holes in the valence band. If 
the Fermi level is at the trap energy or beyond, then, the states become 
saturated, and although p, is decreasing, m is now fixed and the rate 
then falls off with ps. At the other extreme, the Fermi level approaches 
the valence band, and the rate becomes limited by the flow of electrons 
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lia. 3 Surface recombination velocity s vs ¢s for a recombination center near 


the conduction band. 


into surface states, since p, is now large enough to maintain equilib- 
rium with the state. The rapid decrease of s in this region is thus asso- 
tiated with the decrease in the surface electron density with decreasing 
#w. There are a variety of techniques for measuring the recombination 
velocity, some of which will be discussed in the following section, along | 
With the information that has been obtained by application of the fore- 
going equation. 


8 Frevp-Inpucep Surrace Conpuctance. One of the earliest at- 
lompts to utilize a semiconductor for electrical amplification was made 
by Shockley and Pearson (Ref. 13) in 1948. They measured the change 
in conductance of a thin evaporated film of germanium as a function 
of the electric field applied perpendicular to the surface. Since the film 
was thin, the increased carrier density required to neutralize the field 
was expected to produce an appreciable change in film conductance, 
loading to possible power amplification. This experiment, the “field 
effect,” established that the charge drawn to the surface was largely 
immobilized in surface states, with only about 10 per cent consisting of 
free carriers. Since the material was polycrystalline, it was difficult 
lo interpret the measurements; however, this first direct experimental 


evidence of surface trapping led to the experiments which evolved the 
transistor, 
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Application of this experiment to single crystal germanium leads to 
two types of information about the surface states. First, the change 
in conductance with induced charge determines whether the surface if 
n type or p type, and what fraction of the free carriers are trapped 
surface states, while second, the time dependence of the conductane 
after application of the field yields information about the capture prob 
ability of these states. Schrieffer (Ref. 8) has calculated the expecte 
behavior in the absence of surface states but including reduction of 
mobility in the potential well at the surface. A general treatment 
extremely difficult without some simplifying assumptions and these ¥ 
be discussed in connection with the experimental data. 


4 Contact PotentiAL. The contact potential of a semiconductor mi 
be measured by the Kelvin method (Ref. 9), and with a known va 
of work function for the reference electrode, gives the work function | 
the germanium, which, from Fig. 1, may be written 


W.F. = ge — ds. 


Unfortunately, there is no unique way to determine the reference ¢@ 
trode work function in a gaseous ambient, so that the measurem 
are limited to a determination of the changes in the germanium y 
with ambient, assuming that the reference work function remains ¢@ 
stant. Since the resultant changes in work function are made up of t 
terms, one in ¢-, and one in ¢g, interpretation of the data requires ei 
a relationship between the two, or an independent determination of ¢ 
of the quantities. 

Another quantity of interest is the change in contact potential 
light, which, subject to the experimental restrictions discussed late) 
the paper, is a measure of the changes in ¢g with light. If the 
manium is illuminated, then the density of minority carriers in the by 

_ will be increased above its equilibrium value, resulting in a proportid 
increase in this carrier density at the surface. As discussed by Brat 
and Bardeen (Ref. 9), the fractional increase in carrier density must 
the same at the surface as in the bulk; i.e., the quasi-Fermi level (Rt 
5) will be continuous across the space-charge region. Therefore, uh 
the bulk and surface carrier densities are equal at equilibrium, there 
be a net change in charge in the space-charge layer. For a p-type 
face on n type, for example, doubling the hole density in the bull’ 
illumination will also double the hole density at the surface, while 
electrons, which are the majority carrier, will not have their den# 
changed appreciably. The same increase in positive charge will ¢ 
in the surface states, the net result being a deviation from the cha 
neutrality criterion. Actually, since the net charge must be zero, t 
will be a compensating shift in the potential energy of the surface W 
will restore the carrier distribution to a value producing zero net ch 
In the example cited, the potential will decrease, thus increasl 
electron density and decreasing the hole density, The work 
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corresponding to an increase in ¢gs. Brattain 


therefore will decrease, 
ie stnees (Ref. 9) have treated the theo 
only the charge balance in surface states; while more recent] 

y, Garrett 
and Brattain (Ref. 14) have considered the general case including the 
charge in the space-charge region. The measurement of the change in 
contact potential with light, with certain assumptions, gives the type 


and magnitude of the carrier density at the surface and is th i 
pendent method of determining ¢y. agente 


5 Surrace Conpuction “CHANNELS.” 


surface problems with junction transistors was studied by Br 

15) in 1953. This involved the occurrence of an Scns 
tion path between the emitter and collector of an n-p-n transistor under 
conditions of reverse bias. This phenomenon, called channeling, was 
found to be the result of an n-type surface layer on the normally p-type 
hase material, producing a high resistance ohmic path between emitter 
and collector. In addition to its practical significance, it turns out that 
study of this effect is a valuable tool in the basic understanding of the 
surface. Consider the structure of Fig. 4, which is a sectioned view of an 


ry of this effect considering 


One of the earliest practical 





Via, 4 Sectioned view of junction transistor with n-type channel on base region. 


Nep-n Junction transistor. It is found that, under the proper surface 
sonditions, the surface of the germanium will become n type and, even 
with application of the reverse bias shown, will maintain its n-type con- 
duotivity, leading to a reverse-biased p-n junction between the bulk 
material and the surface. Since this junction has a high impedanee, it is 
onsible to measure accurately the conductance of the thin n-type region 
'y passing a small current between the emitter and collector, The ex- 
jected value of the conductance may be predicted from a knowledge 
Of my at the surface and the applied bias; thus measurements of the 
thannel properties lead to information about the behavior of the surface 
slates. In addition, information about the capture times may be ob- 
tained by varying the reverse bias, which is equivalent to varying the 
Applied field in the field-effect experiment. Similar results can be ob- 
\ained with p-n-p structures by utilizing surface treatments which pro- 


(luce a p-type inversion layer, 
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II EXPERIMENTAL RESULTS 


One of the first detailed studies of germanium surface properties wal 
carried out by Brattain and Bardeen (Ref. 9) in 1953, where they mea 
ured the contact potential, change of contact potential with light, and 
surface recombination simultaneously on the same sample. The surfac 
was initially etched and then exposed cyclically to the three ambient 
dry oxygen, ozone, and wet oxygen. By this treatment it was found t 
the contact potential could be shifted by about 0.5 v, the positive extrem 
in wet oxygen and the negative in dry ozone, with the values relativ 
independent of the bulk resistivity. This corresponds to the highest wor 
function in ozone, and the lowest in wet oxygen. The mean value of 1 
contact potential between these two extremes was also found to drift 
the positive direction, during the cycling process, changing by about : 
v after the freshly etched surface had been exposed to the ambients 
several hours. The surface recombination velocity was found to be ¢6 
stant over this range of ambients, within the precision of their measul 
ments, and the change in contact potential with light agreed with 
proposed surface model. This model predicted that the changes in | 
were approximately 20 per cent of the observed change in contact po 
tial, the remaining part consisting of changes in $e of Fig. 1. Later, M 
rison (Ref. 16) measured surface conductance in the same ambient ¢ 
and found that the changes in ¢g required to explain the data were Ij 
nearly equal to the accompanying change in contact potential. As 
cussed by Bardeen and Morrison (Ref. 17) this indicates that the ch 
in the space-charge region changes more rapidly with ¢s than the ch 
in the surface states, contrary to the original Brattain-Bardeen 0 
clusions (Ref. 9). Attempts to reproduce the original contact potent 
measurements have cast doubt on the assumption that the reference 
trode is stable, and can give anomalous results, apparently as a 
of charge collection on the high impedance reference electrode (Ref. I 


TABLE 1 SURFACE FERMI LEVEL VS AMBIENT 


n typetds positive 
HO + Ne 
H.O + air 
HO + O2 
Ne (dry) 
Air (dry) 
Oz (dry) 
H20z (peroxide) 
Os3 (ozone) x: 
p typelL¢s negative 


Further measurements of ¢s as a function of surface treatment f 
been carried out both by surface conductance and “channel” conduc 
measurements (Ref, 19 to 25), The results are summarized in Tab 
which shows the behavior of an etched surface in terms of the val 
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ps. The range of this quantity is 0.3 to 0.4 v from the lowest to the 
highest value, with the ambients in the middle of the list corresponding 
to ps near zero. It is not possible to list quantitative values of $5, since, 
as described in the contact potential measurements, the value is also a 
function of surface history, ¢s increasing by as much as 0.2 v with pro- 
longed exposure to air or oxygen after etching. In addition to the data 
of Table 1, it is also found that n-type surfaces are produced by alcohol 
vapor (Ref. 9), ammonia gas (Ref. 24), and ultraviolet illuminated mer- 
cury vapor (Ref. 22); p type, by chlorine (Ref. 9, 24) and ultraviolet 
radiation in vacuo (Ref. 22). The general conclusion from all these 
Ineasurements is that the carrier type and density at the surface, or the 
(quantity, ds, is independent of the bulk resistivity of the germanium. 
Before considering the significance of these results in terms of the sur- 
face state structure, it is best to first consider the information on re- 
vombination velocity. Brattain and Bardeen’s (Ref. 9) measurements, 
leading to a value of s which was independent of the ambients used, 
were performed by measuring the diffusion length of the minority car- 
riers by the light-spot scanning technique (Ref. 26). This method is not 
(the most accurate, since an inversion layer on the surface can produce 
anomalous results. (See See. IV.) More recent measurements, using 
the decay of photoconductivity in a thin slab (Ref. 12), indicate that s 
inay change by as much as a factor of two or three in the Brattain- 
Bardeen ambient cycle. These later results, however, tend to verify the 
original observation that the density of recombination centers is rela- 
lively independent of ambient, since the changes in s may be attributed 
lo changes in dg as shown in Fig. 3. Experiments in which the recom- 
bination velocity and the surface conductance are measured simultane- 
ously (Ref. 24, 27) do not give results in exact agreement with this 
vurve, however, a reasonable distribution of surface states in energy 
would fit the results within experimental error. Unfortunately the avail- 
able data are not complete enough to determine the energy of the states, 
wnd lacking a value for the capture probabilities, Cp and Cy, it is not 
possible to measure the density, N;, by this technique. Other measure- 
tnents to be discussed below indicate that this density is of the order of 
10'' per em? for a well-etched surface, and since s is relatively constant 
over the middle range of $s, the states are probably located some dis- 
lance from the center of the energy gap. Attempts to determine the 
energy by measurements of the temperature coefficient. (Ref. 12, 28, 29) 
lave not been too successful, since the variation of ¢s with temperature 
womplicates the interpretation of the data. The variation of s with bulk 
tonistivity has been considered by Schultz (Ref. 30), and found to be in 
enmential agreement with the variation expected from the term, (Po + No) 
in the theory, In addition, measurements of s vs applied field (Ref. 31, 
2) are also consistent with the theory. Although the density of states 
\s apparently independent of ambient, it is found to be a definite function 
of initial surface treatment, A careful etching procedure ean produce a 
Valuc as low as 20 om/seo while sandblasting raises the value to the order 
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of 10° cm/sec, higher values being difficult to measure by present experi- 
echniques. 
See in the previous section, one expects the value of dg to a 
determined by the distribution of surface states, taking into account t a 
bulk resistivity, or ¢z. Since the surface conductance measure 
indicate that dg is a function of ambient only, then one must conclu ‘I 
that the states associated with this ambient are dense enough to on 
pletely overpower the effect of the space-charge region. Byrdecn ( a 
1) finds that such a condition would require more than 10 states/em 
In addition, since the variation of ¢s with ambient requires a change 
state density and energy, one must conclude that the surface state — 
is both large and ambient sensitive. This would, at first, seem to ‘ 
conflict with the conclusions reached from the surface recombina ion 
velocity measurements. This inconsistency may be resolved by, —_ 
ering two different types of states; “fast” states hich neve a high 7 
ture probability and a density of the order of 10% cm and ” 
states with a capture probability many orders of magnitude a 
and a density greater than 101% cm~?. Bardeen and Morrison (Ref. 
nave suggested that the “fast” states, which are involved in the re 
bination process, are at the interface between the germanium an a 
oxide layer while the “slow” states, which control ¢s, are on the 7 f 
of the oxide layer. The chemical aspects of this model will be conside 
Te most direct measurement of the capture times of the states i 
obtained from the field-effect and channel experiments. if an extern 
field is applied to the semiconductor surface, a change in surface Cor 
ductance will be produced as a result of the net change in charge. 
behavior of the surface conductance after application of the field — 
erally found to exhibit two easily separable transient phenomena. 
in a time comparable to the over-all recombination lifetime of the th 
slab (of the order of 10 microsec in a typical case), the conductance” 
found to shift from its initial instantaneous value to a new quasi-st t 
value. Then, if observed for a longer time, from a millisec to sever 
minutes, the conductance returns to the same value observed bef ; 
application of the field. Considering the process in detail, the a i 
transient may be associated with the approach to equilibrium of the 
and electrons by means of surface and volume recombination, 
equilibrium is initially disturbed since, except, in the unique coll 
és = $p, injection or extraction may occur between the bulk an ul 
surface due to the different hole and electron densities. Low (Ref, $8 
in such an experiment, finds that, apparently because of an inve 
layer, the instantaneous conductance change may be opposite in | 
to the quasi-static value occurring after recombination equilibrium j 
curs. Considering an n-type surface on p-type material, the ip 
current flow with an induced positive charge will consist of holes fle 
ing into the surface space-charge region and electrons flowing from 
surface into the bulk, After recombination has occurred the net distr’ 
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tion will correspond to a decrease in surface electron density, this de- 
crease supplying the required induced positive charge. On this basis, the 
conductance will initially increase, while after recombination, it will be 
less than the value before field application. After a much longer time, 
the conductance returns to its zero-field value, indicating that the sur- 
face densities have returned to normal, or that ¢s is restored to its 
equilibrium value. Thus one concludes that the induced carriers are 
eventually captured by surface states, the state density being so dense 
that there need be no perceptible change in ¢s to produce the change in 
state occupation. One may say that the charge in the surface states now 
shields the free carriers from the effect of the field. 

Although the initial transient has not been studied to obtain informa- 
tion about the capture time of the “fast” states, the quasi-static value 
of the conductance before the slow decay has been used by Brown and 
Montgomery (Ref. 34, 35) to measure the density of these states. They 
used an ac field having a period short, compared to the long time decay, 
but long compared with the recombination time. With a sufficient field 
wmplitude it was possible to produce enough induced charge density to 
move $g through the minimum conductance point shown in Fig. 2, thus 
obtaining a reference value for ds. By comparing the experimental 
conductance vs induced charge curve with a theoretical curve based 
on all the charge being free carriers, the amount of trapped charge was 
obtained as a function of ¢g. This experiment indicated that approxi- 
mately two-thirds of the charge was trapped for the range studied. 
Statz, deMars, and Davis (Ref. 36) have also measured the charge in 
“fast” states by means of the channel conductance on a p-n-p tran- 
sistor structure. If the bias between the n-type material and the p-type 
channel is changed abruptly, the charge terminating the internal field at 
the surface must be supplied by a change in the free and trapped charge 
in the channel. Since the conductance of the channel may be measured 
(lirectly, and the field may be calculated, the change in free carrier 
charge may be compared with the total change, the difference being the 
vharge in “fast? states. Here ¢s may be calculated directly from the 
measured channel conductance taking into account the reduced mobility 
in the channel (Ref. 8), as discussed below. The curve obtained in this 
experiment may be fitted by assuming a density of 10! states per cm?, 
ut an energy of 0.20 v above the valence band. The exact number is 
somewhat sensitive to the surface treatment. The charge vs ¢g curve 
found by Brown and Montgomery did not level off at a particular value 
of os, corresponding to the Fermi level passing through the trap. Con- 
wequently, no absolute state density or energy is available. There is rea- 

sonable agreement, however, where the curves overlap, and an indication 
that there are additional traps near the conduction band of about the 
same density, Substitution of these values into the recombination 
Velocity equation gives a capture cross section of the order of 10745 
om*, which is @ reasonable value, This seems to support the conclusion 
that these states are the recombination centers and this is probably 
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valid; however, it should be emphasized that, although such a state 
comes to rapid equilibrium with the free carriers, it is not necessarily a 
recombination center. If the capture probability is high for only one 
type of carrier, the above transient phenomena would still apply, but 
the state might have no effect on recombination. Since there is evi- 
dence for the existence of such trapping states (Ref. 37 to 39) at the 
surface, this possibility should not be eliminated. If such were the case, 
then it is possible that the recombination centers are even closer to the 
valence or conduction band than the transient experiments indicate) 
Lacking more detailed evidence, it will be assumed that the “fast state 
density is the order of 101! cm~?, bearing in mind this uncertainty. 
The decay of carriers into the “slow” states has been observed both in 
the field-effect (Ref. 17, 25, 40 to 43) and channel conductance experi- 
ments (Ref. 25, 36). In the channel experiment, a sudden change in 
bias results in a change in channel conductance followed by a gradual 
return to a new steady conductance value. This final value is found 
correspond to the same ¢g at the surface as that before the bias chan 
In fact, it is well established that, over the range of biases conside 
the “slow” state density is large enough to control completely the surfa 
Fermi level, just as in the field effect. The value of os may be caleu 
lated from a knowledge of the field at the surface, which is a function 
the bias-and the bulk resistivity, and the variation of mobility wi 
effective thickness of the channel (Ref. 8). The values so obtain 
are in excellent agreement with the surface conductance data and @ 
incorporated in Table 1. . j 
The “slow” state decay, as observed in the field-effect, is not a simp) 
exponential except in a few special cases. A study of the transient ( 
40 to 43) indicates that the mean decay time is extremely sensitive 
surface treatment and ambient. McWhorter (Ref. 42) has postula 
that the capture probability of the states varies from one point to 
other over the surface, while Morrison (Ref. 41) attributes the non 
ponential character to the variation of the capture probability 
occupation of the states. This problem will be mentioned later in @ 
nection with the noise properties of the surface. 
A re-examination of the contact potential measurements of Bratta 
and Bardeen (Ref. 9) indicates that the surface states in their model 
the “fast” states, while the fixed ionic charge, which they attribute to 
ambient may be treated as charge in “slow” states. This is consi 
with the observation by Garrett and Brattain (Ref. 14) that the ch 
in contact potential with light slowly disappears after illumination 
a time constant the same as that of the slow decay in the field-eff 
Since Brattain and Bardeen used chopped light in their experiments, 
charge in the “slow” states remained constant and since , may 
associated with these states, the change in contact potential ma 
correctly identified with changes in ¢y. 
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III CHEMISTRY AND STRUCTURE OF THE SURFACE 


It is generally agreed that, under the normal conditions of surface 
preparation, a germanium crystal is covered by a thin layer of oxide 
ranging in thickness from 10 to 50 A (Ref. 9). Because of this, it is 
reasonable to assume that the “fast” states are at the interface between 
the bulk germanium and the oxide layer, and that the “slow” states are 
either in the oxide layer or on its surface (Ref. 17, 25). This situa- 
tion is shown schematically in Fig. 5, where the “fast” or interface states 
are designated by circles and the “slow” states by squares. The differ- 
ence in capture times between these two 
types of state may then be associated 
with the barrier to flow of electrons into 
the “slow” states. 

Considering, first, the interface states, 
the results of the previous section indicate 
that their density is a function of the orig- 
inal surface treatment and not the ambi- 
ent to which the surface is exposed. This 
fact may be seen to be consistent with the 
structure of Fig. 5 since the oxide layer 
should effectively shield the interface 
from any chemical effects of the ambient. 
Thus, one might expect the density to be 
largely dependent upon the structure of 
the first layer of oxide or the way it 
bonds to the germanium lattice (Ref. 36). There are a variety of sur- 
face treatments available which produce a low surface recombination 

velocity and consequently a low interface state density. These treat- 
ments generally consist of a mechanical polish followed by a chemical 
or electrolytic etch, leading to surface recombination velocities of about 
100 em/see (Ref. 29, 44). The chemical etchant usually consists of 
hydrofluoric acid, in which the oxide is soluble, oxidizing agents such as 
hydrogen peroxide or nitric acid, and “moderating” agents such as acetic 
acid, metal salts, or bromine. The low value of s with this type etch is 
vonsistent with the assumption that the mechanically disturbed oxide and 
kermanium must first be removed and the surface reoxidized in a uniform 
inanner. The electrolytic process behaves in a similar way. The elec- 
trolyte is usually sodium hydroxide and the germanium is made positive 
with respect to the solution. Such an anodic process evidently combines 
the removal of the disturbed layer with the deposition of a uniform oxide 
voating in one operation, High recombination velocity surfaces, or high 
interface state densities, are obtained on mechanically treated surfaces 
hefore etching, and in addition may be produced by chemical treatments. 
A “sand-blasted” or abrasive polished surface could have a high “fast” 
state density due to the irregularity of the oxide structure; however, 
since the reduction of # requires removal of as much as a micron of 
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Fig. 5 State structure at ger- 
manium surface. 
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material (Ref. 44 to 46) the recombination centers are undoubtedly as- 
sociated with mechanical imperfections many lattice spacings into the 
bulk material. Clarke (Ref. 47), for instance, has found that sandblast- 
ing produces a high acceptor density many microns into the germanium 
resulting in a low resistivity p-type layer on the surface. High recom-— 
bination velocities are also observed if an initially low s surface is etched 
in hydrofluoric acid (Ref. 48), cathodically etched in most electrolytes 
(Ref. 48), bombarded with ions (Ref. 49) or heated in vacuo (Ref. 48). 
With the exception of the vacuum heating, the increase in recombination 
velocity could arise from either a disturbance of the germanium-oxide 
bonding or mechanical damage to the germanium lattice. In the acid 
and electrolyte cases, not only is the oxide removed, but it is quite 
probable that the atomic hydrogen evolved could produce lattice dam- 
age many atomic layers below the surface (Ref. 50). The increase of § 
with heating in vacuo is not as easily explained, other than invoking 
some evaporation mechanism such as the loss of the last tightly boun 
water molecules which could have an effect on the germanium-oxide 
bonds (Ref. 51). It is apparent from all the data that the recombinati 
centers are not Tamm states, which would be expected to occur with 
density of about 10'® cm~?, or one state per lattice site. Although th 
Tamm treatment is strictly applicable to clean surfaces, Pratt (Ref. 52) 
has considered similar states at the boundary between two semicondue 
ing crystals, and finds that the same number would be expected. In a 
probability, then, the recombination centers are associated with t 
lack of perfection of the interface rather than the change in the period 
structure at the crystal boundary. 

Since the oxide layer on an etched germanium surface is at least se 
eral monolayers thick it seems reasonable to consider the “slow’’ sta 
as represented in Fig. 6, where the oxide is assumed to behave like 
semiconductor having an energy gap of about 3 ev. It is not possible 
predict how the energy bands of the two materials will line up, so that 
is assumed that the centers of the respective gaps are at the same ene 
Figure 6(a) shows the possible states in the oxide, which may be due’ 
imperfections or chemical impurities, while Fig. 6(b) shows the possi) 
potential energy of an electron in the presence of an adsorbed atom 
molecule. Either or both types of state may be important in the surfat 
behavior. The states in the oxide may be justified by comparison wi 
nonstoichiometric semiconducting oxides, while the adsorption states ha 
already been considered in connection with catalysis (Ref. 53), 
adsorption (Ref. 54, 55) theories. With either type of state an elect 
transition from the germanium would have to occur by thermionic ¢@ 
sion over the barrier presented by the oxide energy gap, or by quanti 
mechanical tunneling, through it, Either process would explain the | 
time constants observed in the field-effect and “channel” experim: 
The density of such states could be much greater than the value of 
per em? required by the experimental data; in fact, it would be pro 
that, at least in the adsorption case, the density is as high as 10% 
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one state per lattice site for a monolayer adsorption. Since the value of 
gs is a measure of the position of the Fermi level required to maintain 
charge neutrality at the surface, the states associated with the different 
ambients would be expected to be concentrated in the vicinity of the 
observed position of the Fermi level. Thus, on the basis of the chart 
in Table 1, one expects the average energy of the states in or on the oxide 
to increase as the ambient is changed from ozone through the successive 
gases to wet nitrogen. The actual chemical behavior is not clear; for 
instance, water vapor might produce adsorption levels near the conduc- 
tion band, or its high dielectric constant might decrease the binding 






c 


GERMANIUM 





(b) 


Via. 6 Physical model of slow states at surface :-(a) oxide states and (b) adsorption 
states. 


energy of other levels in the oxide thus raising the average energy level 
of these states. Oxygen or ozone by themselves, since they have a high 
electron affinity, would certainly be expected to produce low-lying states, 
thus acting as electron acceptors (Ref. 56). It is important to point out 
that the concept of an adsorption state is not limited to atoms adsorbed 
in both a neutral and ionized state. Actually, the adsorbed species could 
be completely ionized and the empty or un-ionized state might exist in 
the gas phase. If a field were now applied which produced extra elec- 
(rons at the surface, then a neutral atom striking the surface could 
udsorb an electron and after successive ionizations the surface would be 
returned to its original value of ¢s. Since the rate at which atoms strike 
the surface is much greater than the rate at which electrons can cross 
the oxide layer, this consideration will not invalidate the assumption of 
fixed adsorption states, Stated in a different manner, one may consider 
the gas as producing a set of “virtual” states, since, the electron transition 
being so slow, there is always a large number of atoms available to cap- 
ture the electron, 
A complete understanding of the energy states associated with the 
kaseous ambient will depend upon further knowledge of the chemical 
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structure and the mechanism of the adsorption processes. Law (Ref. 51) 
has studied the adsorption of water on a vacuum-fired surface and finds 
a multilayer process with the first layer irreversibly adsorbed. A com- 
parison of his data with that obtained for ¢g vs partial pressure of water 
vapor (Ref. 25) on a well-oxidized surface is shown in Fig. 7. The re- 
sults tend to indicate that only the first and second layers of water have 
a pronounced effect, but further interpretation is difficult, since the sur- 
face treatments were different. Law (Ref. 57) has also measured the 
adsorption of carbon monoxide, carbon dioxide, nitrogen, and hydrogen 
and finds that the first three are physically adsorbed, while the last, 
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Fic. 7 Surface Fermi level, ¢s vs monolayers of adsorbed water. 


hydrogen, is both physically and chemically adsorbed. Since chemisorp- 
tion requires electron transfer, one would expect that, of these four, only 
hydrogen would have any electrical effect, although there is no informa- 
tion available at present on this point. 

Another phenomenon which has not been interpreted at this time is 
the increase of dg with time over many hours during exposure to air or 
oxygen. It has been proposed that this gradual increase may be related 
to the slow growth of the oxide layer (Ref. 23, 25). Recently, however, 
Green and Kafalas (Ref. 58, 59) have attempted to measure the oxygen 
uptake on a freshly etched germanium surface and although they could 
detect less than a monolayer, found no observable oxidation. Since their 
measurements were not made until 30 min after the etch, it is possible 
that most of the oxidation occurred during this time; however, the con« 
tact potential results of Brattain and Bardeen (Ref. 9) indicate that the 
surface drifts appreciably for many hours. In another experiment, uti« 
lizing the dissolution of the oxide in aqueous solution, Green and Smythe 
(Ref. 60) have found that the oxide is approximately three layers thick 
five minutes after etching, and increases to six layers after a three-day 
exposure to room air. This is in substantial agreement with Heiden 
reich’s electron diffraction results, as reported by Brattain and Bardeen 
(Ref. 9). This result is consistent with the previous observation if one 
assumes that the oxidation occurs during the first 830 min of exposure; 
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however, it is obvious that much more experimental data are necessary to 
understand the long time surface changes. ; 

Another approach to the chemistry of the germanium surface is to con- 
sider the behavior of a “clean” germanium surface. Heretofore, only 
an etched surface has been considered, which, in all cases, is expected 
to have an oxide layer plus other impurities introduced in the preparation. 
There have been two recent approaches to this problem, one utilizing a 
freshly fractured surface and the other depending upon ultra-high vac- 
uum techniques to remove all foreign materials. The first type of experi- 
ment, a study of the oxygen adsorption after crushing of a germanium 
sample, has been carried out by Green and Kafalas (Ref. 58, 59). A 
comparison of the total oxygen uptake with a separate measurement of 
the surface area of the crushed sample leads to the number of oxygen 
atoms per lattice site. The preliminary results of this work indicate that 
oxidation occurs only to the extent of about 1.5 layers. This is quite 
surprising in comparison with the known information on an etched sur- 
face, where as many as six layers of oxide are observed. Statz et al. 
(Ref. 36) have suggested that the oxidation process is similar to that 
indicated by Cabrera and Mott (Ref. 61). In this model the layer forms 
by the migration of positive metal ions through the oxide to the surface 
under the influence of the large electric field produced by the adsorbed 
negative oxygen ions. Such a mechanism, however, leads to thicknesses of 
from 6 to 60 layers, which indicate that the freshly fractured surfaces do 
not behave in this manner. Whether the Cabrera-Mott model is valid 
for an etched surface, as suggested above, cannot be answered at this 
time. It would be interesting to compare the electrical properties of a 
cleaved surface with those of an etched surface, since the oxidation 
properties seem to be markedly different. Although such experiments 
might be feasible, the vacuum preparation of a clean surface now seems 
to offer the best possibilities in this direction. Farnsworth and co- 
workers (Ref. 62) have found, by slow-speed electron diffraction meas- 
urements, that the surface of germanium may be cleaned by bombard- 
ment with argon and subsequent annealing. Measurements of hydrogen 
and oxygen adsorption (Ref. 63) and contact potential (Ref. 64, 65) 
have already been carried out on such surfaces, and experiments of the 
type discussed in Sec. II should yield valuable information about the 
surface structure. The low-speed electron diffraction techniques might 
also reveal the difference between the oxide on an etched and a clean 
surface. It is quite possible that this difference may lie in the crystal 
structure of the oxide. The occurrence of different crystal forms has been 
suggested by Clarke (Ref. 66) and Kmetko (Ref. 67) as a possible 
explanation of some of the electrical anomalies. 


IV. PRACTICAL EMBODIMENTS 


1 Survace Contacts, As mentioned in the introduction, Bardeen’s 
treatment of surface states was developed to explain the anomalies of 
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metal-to-semicoaductor rectification. In particular, it was found that 
the rectification properties of the contact were not markedly dependent 
upon the work function of the metal. In Fig. 8, the expected behavior — 
is shown, where the value, (¢s — ¢z) for the semiconductor, is equal to 
the difference in work functions between the metal and the semicon- 
ductor. This model attributes the curvature of the energy bands at the 


Er 





Fic. 8 Metal to semiconductor contact behavior with no surface states: ( 
before contact and (b) after contact. 


surface to the efect of the contacting metal; however, Bardeen pointed 
out that, if the density of surface states is large enough, dg is deter= 
mined by these states, and the induced charge associated with the dif» 
ference in work functions (or the contact potential) is supplied by th 
surface states with no appreciable change in Fermi level at the sem 
conductor surface. The important properties of the contact, such as i 
rectification and minority carrier emission efficiency, are determined 
¢g and the bulk resistivity, or @y. For a metal point contact, it is 
erally found that the surface is p type or @y is negative, resulting 
good rectification and emission efficiency on n-type germanium, 

fortunately an understanding of the point contact is complicated by 
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geometry and the fact that “forming,” or the passage of large currents 
through the point, has a profound effect upon its behavior. There are a 
large number of theories about the behavior of point contacts, especially 
the minority carrier multiplication at a reverse-biased collector contact. 
Since these theories are more directly related to the bulk behavior of 
the semiconductor, they will not be discussed here; the reader is re- 
ferred to two of the more recent articles, on rectification, by Simpson 
and Armstrong (Ref. 68), and on collector multiplication, by Hogarth 
(Ref. 69). Basic to all of the theories is the height of the surface barrier 
or the value of $s, which is apparently determined by the germanium 
and not by the metal, except in the case of forming. It should be empha- 
sized that although the work function of the metal does not determine 
¢s, the metal is directly involved, since the point undoubtedly damages 
the surface and changes the properties of the oxide. One of the important 
considerations is that ¢s under the metal may be entirely different from 
that of the free surface around the periphery of the contact. There is, 
at present, no clear explanation of the behavior of ¢g under the point 
other than the suggestion that the physical damage could possibly pro- 
duce acceptor levels similar to those observed by Clarke (Ref. 47), and 
it is probably academic to attempt a distinction between the “fast” and 
“slow” states. A metal-to-semiconductor contact which is more clear-cut 
in its behavior is that considered by Bradley et al. (Ref. 70) and Gunn 
(Ref. 71). This is an electroplated or evaporated contact, whose area 
is large enough so that the geometrical and mechanical problems of the 
point contact no longer arise. These contacts exhibit a voltage-current 
characteristic much nearer to that of an ideal rectifier and, as a conse- 
quence, it is quite easy to obtain a value of ¢s from the experimental 
data. As in the point contact case, the surface is generally found to be 
p type, or $s, negative, and the behavior is relatively independent of the 
work function of the metal. Bocciarelli (Ref. 72) and Hartig (Ref. 73) 
have studied the effects of different surface treatments and gaseous 
ambients on the height of the surface barrier both before and after appli- 
cation of the contact. There does not seem to be a direct correlation 
between the observed values of ¢g in the diode and those reported in 
experiments on free surfaces. (See Sec. II.) Evidently the surface 
structure under the metal layer is sufficiently modified by the evaporation 
or electroplating process so that the data on etched surfaces no longer 
hold. Bradley (Ref. 74) has considered the metal-semiconductor bound- 
ary conditions in terms of the chemical potential for the electrons and 
concludes that the value of ¢s may be controlled by the proper choice of 
impurities in the oxide layer between the semiconductor and the metal. 
Another type contact, which has been studied in detail, is that be- 
tween germanium and an electrolyte. In this case, Brattain and Garrett 
(Ref. 75 to 77) find that the surface conductivity type is determined by 
the polarity of the germanium with respect to the solution, Thus, if the 
germanium is anode or positive with respect to the electrolyte, the volt- 
age-ourrent characteristic indicates that the surface is p type; Le, nega 
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tive ions attracted to the germanium produce an excess hole density 
below the surface. By measurements of the change in electrode voltage 
with illumination and independent measurements of minority carrier 
density at the surface, it was also established that the anodic current was 
limited by the supply of holes from the bulk and that the cathodic cur- 
rent depended on the flow of electrons to the surface. Thus, n-type ger- 
manium rectifies when biased positive with respect to the electrolyte, and 
conversely p type, when biased negative. In the anodic n-type case, it 
is also found that the minority carrier multiplication occurs with a factor 
of approximately two. The behavior is generally the same for any elec- 
trolyte, the ones studied in detail by Brattain and Garrett, being potas- — 
sium hydroxide, potassium chloride, and hydrochloric acid. In addition 
to the interesting chemical and physical behavior of these contacts, the 
results yield information which is pertinent to the discussion of diode 
leakage, below. 


2 Surrace Leaxace. One of the most serious problems in semi- 
conductor junctions is the occurrence of excess current flow in the reverse 
direction due to the surface behavior. Since the saturation current is 
determined by the rate of generation of minority carriers, the most obvi- 
ous problem is associated with abnormally high surface generation in 
the vicinity of the junction. This may be induced on a normally pre-_ 
pared diode by ion bombardment (Ref. 49, 78) or heating in vacuo (Ref, 
79). Although these effects associated with the increase in surface gen- 
eration or recombination rate are important in transistors (Ref. 80) as 
well as diodes, a much more serious problem arises from true leakage 
along the surface, both of an ionic and an electronic nature. The ele¢= 
tronic leakage effect will be considered first. 

As described in Sec. I, one of the first direct observations of surface 
inversion layer conductance was made by Brown (Ref. 15) in studies of 
the channel effect in n-p-n grown junction transistors. Although th 
original quantitative data were taken at low temperatures more recen 
work on both n-p-n (Ref. 25) and p-n-p (Ref. 23) structures indicates 
that the room temperature surface conductance may be treated theoreti 
cally by assuming that the value of ¢g is independent of the applied bi 
between the bulk germanium and the surface region. Considering th 
potential plot of Fig. 9, which represents the channel on an n-p-n struee 
ture, such as in Fig. 4, the conductance per square of the surface may 
calculated, given the quantities, $s, #2, and V4, the applied bias. The 
result, which utilizes Schrieffer’s (Ref. 8) calculations of mobility in 
narrow well, is consistent with the experimental data, if dy is made 
constant which is a function only of the surface treatment and not t 
applied bias or bulk resistivity. Under these conditions the conductan 
is found to decrease with increasing bias, approaching a V4~! relati 
ship at large V4. This may be seen qualitatively, in Fig. 9, from th 
fact that the field at the surface increases as V4” causing the effecti 
thickness of the channel to decrease inversely with this quantity, Si 
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mobility for such a thin region 
nt conductance variation ap- 


both the number of electrons and also the 


decrease with the thickness, the resulta 
proaches V4~1. 





Fic. 9 Energy level structure for n-type channel on p-type germanium. 


The effect of inversion layers or channels on rectification was first 
considered by Bardeen and Brattain (Ref. 81) and later by Aigrain et al 
(Ref. 82). A model of the diode behavior is shown in Fig. 10(a) where 
a p-type inversion layer exists on the surface of normally n-type mate- 
rial. If the diode is now reverse-biased, minority carriers may flow into 
the p-type region over a much larger area than that of the point itself 
lhe effective collection area will be determined by the radial voltage drop 
along the Surface away from the point. When this drop becomes com- 
parable with the applied reverse bias, then the p-n junction will no longer 
collect carriers and the limits of the active area will be reached. Since 





_ P-TYPE 


- P-TYPE 7 CHANNEL 
/ 


CHANNEL 


N-TYPE~. 
CHANNEL 


XN 





(a) (c) 


(a) point-contact, (b) grown-junction, and 


Ita, 10 Channel formation on diodes: 
(c) fused-junction. 


the active collecting area is thus a fun 
no longer saturates and the reverse ch 


hamic resistance, This type of leakage has been studied in great detail 
over the past few years, mostly on grown junction diodes, In Brown’s 
(Ref, 15) original channel paper, it was suggested that the occurrence 
of the channel could be detected by measuring the photocurrent of the 


ction of applied bias, the diode 
aracteristic may have a low dy- 
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diode as a point source of light was moved along the surface near the ~ 
junction. In Fig. 10(b), one would expect the photoresponse to fall off 
exponentially to the left of the true junction while, to the right, the n-type — 
region would act as an efficient minority carrier collector; thus the photo- _ 
response would remain high for an appreciable distance along the sur- 
face. Eventually, the active region would end, since the voltage drop 
along the channel would decrease the bias so that the surface junction — 
was no longer a sink for majority carriers. The direct observation of 
the channel by this technique was first carried out by Christensen (Ref. 
21, 83) and later work by McWhorter (Ref. 84) established the relation 
between excess reverse current, channel length, and reverse bias. In this | 
work it was found that the additional current beyond the normal satura- 
tion value was directly proportional to the measured channel length 
and could be attributed to bulk and surface minority carrier generation, 
It was also possible to predict the variation of channel length with bias 
by using the known channel conductance data for n-p-n structures (Ref. 
25) in a treatment of the voltage drop along the surface. The resultant 
voltage current relationship showed that the excess current should in- 
crease roughly logarithmically with the bias, as observed in the experi- 
ments for voltages up to ten volts. Similar channel observations have 
been carried out by Noyce (Ref. 24) with a novel direct observation 
technique, utilizing a modified television system, and theory and experi- 
ment for a fused junction similar to Fig. 10(c) have been given by Cutler 
and Bath (Ref. 85). One of the complicating effects in these experiments 
is the transient behavior of the surface states which maintain ¢g con- 
stant. As discussed previously, a finite time, of the order of seconds to 
minutes, is required for the surface states to come to equilibrium with 
the bulk. Therefore the calculations of excess current are strictly vali 
only for the de case. As soon as the voltage is varied at an appreciabl 
rate, then the constancy of ¢g no longer holds and the reverse character 
istics may exhibit strong time-dependent effects. Such drift, or “creep, 
of the current is observed not only in junction structures but also in poin 
contact diodes (Ref. 86, 87). Another problem presently under study 
the behavior of a diode where the channel occurs on extremely low re 
sistivity material. In Fig. 11, for example, an n-type channel is sho 
on low resistivity p-type germanium, which might be the case in the 
diode of Fig. 10(c). It turns out that the field between the channel an 
the bulk is in general a function only of the bulk resistivity, and in thi 
case, one would expect a breakdown voltage from channel to bulk mue 
lower than that across the true junction (Ref. 84). Such an effect h 
been observed by Miller (Ref. 88) in transistor experiments and 
Bernstein (Ref. 89) in measurements of photomultiplication at the ch 
nel-to-bulk junction. 

Despite the success of the simple channel theory in explaining ma 
of the anomalies of reverse-biased diodes, it is apparent that the 
havior in the presence of water or other electrolytes is much more co 
plicated, Over the range of voltages from 10 to 100 vy, the current 
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found to be approximately linear with voltage (Ref. 90), which rules out 
the simple channel explanation which should give a logarithmic variation. 
In addition, more recent work by Law and Meigs (Ref. 91) and Statz 
(Ref. 92) indicates that channel length measurements by the light-spot 
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Fig. 11 Channel on low resistivity material leading to possible breakdown. 


technique show poor correlation with the excess current at these volt- 
ages. By comparing the leakage current in water vapor with that pro- 
duced by a field-induced channel, Clarke (Ref. 93) concludes that this 
extra current is due to nonuniformities in the channel. On the other 
hand, Law (Ref. 90) has made a direct correlation between the amount 
of adsorbed water and the leakage current in grown-junction germanium 
diodes and attributes the current to ionic conduction. One of the diffi- 
culties in this electrolytic conduction theory is the lack of any apparent 
by-product of the reaction. If true electrolysis were occurring, one 
would expect either a gaseous product or mass transfer along the surface. 
At this writing there is no unequivocal evidence of either of these cases. 
It is possible, of course, that some electrochemical process could occur 
with no measurable product; however, any such system is speculative at 
this time. In addition to the complications of the electrochemical proc- 

ess, there is the additional difficulty of treating the electrolytic process 

quantitatively. On the basis of Brattain and Garrett’s work (Ref. 75 

to 77), one would expect the situation depicted in Fig. 12, where positive 


ye ELECTROLYTE 





Fig, 12. Channels on a junction in contact with an electrolyte. 


and negative ions will collect as shown, As in the authors’ studies 
above, it is probable that rectification will occur between the electrolyte 
and the underlying material, thus limiting the flow of current into and 
out of the solution, Thus the leakage current should be limited both by 
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the semiconductor-electrolyte barrier and by the high resistance of the 
thin film of electrolyte. Again, from Brattain and Garrett’s results, it is 
apparent that the leakage current will be photosensitive, due to the 
semiconductor-electrolyte barrier. Compounding all these difficulties is 
the additional fact that the behavior of the electrolyte in Fig. 12 is such 
as to produce a channel on both sides of the junction. Thus, even though 
one is certain that any electrolyte in contact with the germanium has 
a high enough resistance to produce negligible ionic leakage, the slow 
drift of ions in the medium under reverse bias conditions may lead to 
slow creation of a channel. This last phenomenon is an alternative 
explanation of the slow drift of reverse current observed in diodes and 
transistors. 


3 Excess Norse. Experiments by Montgomery (Ref. 94), and 
Gebbie et al. (Ref. 95) on germanium filaments, and Kennedy (Ref. 79) 
and Slocum and Shive (Ref. 96) on p-n junctions indicate that excess 
or 1/f noise is dominantly a surface effect. This type of noise (Ref. 97) 
is characterized by a power spectrum, which increases in amplitude with 
decreasing frequency, as 1/f", where n is usually between 1 and 1.5. The 
chief difficulty in explaining the noise has been the lack of known 
physical phenomena in the germanium having correlation times or 
“memory” of the order of minutes to hours, since the spectrum is known 
to extend to frequencies as low as 10-5 cps. Several theories (Ref. 98) 
have been proposed to relate the surface properties to the noise; however, 
the ones of immediate interest here are those suggested by McWhorter 
(Ref. 92, 99), and Morrison (Ref. 41), since they directly relate the 
noise properties to the “slow” states. Since the relaxation of the surface 
conductance in the “field-effect” experiment takes a time comparable 
to the times required to explain 1/f noise, one might expect a relation- 
ship between the time dependence of this decay and the noise spectrum, 

The two noise theories differ in their interpretation of the nonexpo= 
nential character of the decay. McWhorter, on the basis of ac measure- 
ments of the field-effect response (Ref. 40, 43), assumes that the cap= 
ture times of the “slow” states vary from point to point over the sur- 
face. An analysis of the data with this model gives 1/f noise, if one 
associates simple shot noise with each state and weights the noise ace 
cording to the observed state distribution, which is roughly inversely 
proportional to the capture time. Morrison, in contrast, attributes the 
nonexponential behavior to a change in capture probability with time, 
due to changes in barrier height as charge enters or leaves the “slow! 
state. By considering the frequency content of the associated decay 
transient, he also obtains a 1/f noise spectrum. Thus, although both 
theories relate the noise directly to the flow of carriers into “slow” states 
the chief difference is the proposed mechanism for the decay proc 
MeWhorter (Ref. 42) has calculated the magnitude and spectrum of th 
noise in germanium filaments based on the “field-effect” data and fin 
consistent agreement with the experimental noise measurements, H 
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theory, as applied to p-n junctions, is less satisfactory apparently as a 
result of leakage currents associated with the electrolytic process, and 
also the complicated geometry of the junction-surface region. The exact 
nature of the electron transition process from the germanium to the 
“slow” states is not clear ; however, since 1/f noise is relatively tem- 
perature independent, a quantum-mechanical tunneling process (Ref. 
42) has been suggested as the most satisfactory explanation. Much 


more experimental data will be required before these questions can be 
resolved. 


CONCLUSION 


On the basis of the results discussed in this paper, it seems fair to 
say that the electronic behavior of the bulk semiconductor as influenced 
by the surface is fairly well understood, in principle, if not in detail. 
The major unsolved problems lie in the realm of chemistry and atomic 
structure, and it is hoped that future work will resolve many of the 
difficulties associated with the state structure and the possible electro- 
chemical processes. Little is known about the behavior of silicon sur- 
faces at this time; however, there is reason to believe that the general 
approach as presented in this paper will be valid in the case of silicon 
but possibly with different orders of magnitude for the effects. 
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11B. EFFECT OF WATER VAPOR ON GROWN 
GERMANIUM AND SILICON n-p JUNCTION UNITS * 
J.T. LAW AND P. S. MEIGS 
The effect of water vapor on the photoresponse curves and reverse Cur- 
rent characteristics of germanium and silicon n-p junction units has been 
investigated. It is concluded that changes in surface recombination 
velocity are only important at low relative humidities. Channel con- 
duction accounts for the increased current of a silicon unit but another 
mechanism must be postulated for the germanium case. The possibility 
of this being ionic conduction is discussed. 


1 INTRODUCTION 


It is well known (Ref. 1 to 3) that the presence of water vapor has 
a marked effect upon the reverse current of germanium and silicon 
diodes. It has been established that these changes may be caused by — 
any one or more of the following, (i) change in surface recombination 
velocity(s), (ii) formation of channels, (iii) ionic conduction in the 
adsorbed water. 


(1) When an n-p junction is biased in the reverse direction, the holes 
and electrons, in the n and p regions, respectively, reach the junction by 
diffusion. This takes place down a gradient whose value depends directly 
on the filament lifetime of the minority carrier, i.e., an increase in the 
lifetime reduces the gradient and therefore decreases the value of the 
saturation current (J,). The filament lifetime is made up from a bulk 
and a surface contribution so that any change in the surface recombi« 
nation rate will affect the saturation current. Morrison (Ref. 4) found 
that the value of s could be changed by admitting water vapor to a get» 
manium sample so that changes in J, from this effect would be expected, 

(11) A channel consists of an inversion region at the surface of the 
semiconductor, e.g., a thin n-type layer on the surface of p-type bull 
material. This effect was first studied by Brown (Ref. 5) on n-p-n ger 
manium transistors. He determined that the n-type inversion regi 
(which was induced by water vapor) could be attributed to the presen 


* Originally published in J, Appl. Phys, Vol, 26, Oct, 1955, 
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of excess positive charge on the surface of the germanium. He also 
showed that once the charge had been established by the applied bias, 
the specimen could be cooled to —78°C and the charge stabilized. In 
the case of a diode, the presence of a channel on the p-type material 
will effectively increase the area of the collecting junction and there- 
fore increase the value of the saturation current. The charge carriers 
will be holes and electrons. 

(iii) When the amount of adsorbed water on the germanium surface 
reaches the multilayer region the water molecules are quite mobile (Ref. 
6) so that the presence of any impurity ions will produce a layer of 
electrolyte across the surface. Here it is possible to have ionic conduc- 
tion. It has previously been shown (Ref. 2) that an etched germanium 
surface contains a considerable number (~10!*/cm?) of impurity ions 
available for this process. 


From the previous remarks we would expect processes (i) and (ii) 
to be important in the monolayer region of adsorbed water and (iii) 
in the multilayer region. The present paper describes measurements on 
both germanium and silicon units over a wide range of water vapor 
pressures. These include photoresponse curves and conductance meas- 
urements, the latter over a temperature range. Methods are described 
for separating conduction due to channels and to ions and an explanation 


is offered for the difference in behavior between germanium and silicon 
units. 


2 EXPERIMENTAL 


The type of apparatus used for the photoscanning experiments differed 
slightly from the conventional ones because the sample was placed in a 
vacuum. This meant that the light spot had to be moved while the 
sample was held in a fixed position. The n-p junction unit was mounted 
on a glass stem and attached to a vacuum system by means of a ground- 
glass joint. It could therefore be readily removed for etching. The 
system was evacuated by means of a three-stage oil diffusion pump 
which produced an ultimate vacuum of 10-* mm. The vapor source 
consisted of well degassed liquid water from which varying amounts 
of vapor could be admitted to the system. A 30 cps chopper and light 
source were mounted in place of the eyepiece of a traveling microscope 
which was calibrated in divisions of 10-8 em. The light spot, which 
was 3 X 10~8 in. in diameter, passed through a water filter and then 
through a planar glass window sealed directly to the experimental tube. 
With the junction biased in the reverse direction the signal produced by 
the 80 eps chopped light was measured on a wave analyzer as a function 
of distance as the light spot was moved normal to the bulk junction,. An 
oscilloscope was used to check the wave form, which after suitable pre- 
cautions remained square at all times for germanium. In the case of 
silicon the signal had the shape expected when traps are present (Ref, 
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7). If a steady light was shone on the bar to keep the traps filled a 
normal square wave was observed, but the steady light affected the 
channel length (see below) so that a non-square wave signal had to be 
used. Provision was made for shining a variable amount of steady light 
on the junction during these measurements. 

In addition to the photoscanning experiments which gave the photo- 
response curves, the reverse current-voltage characteristics were meas- 
ured at various humidities. These were obtained both in the dark (Jp) 
and with the junction bar flooded with light (I,). 

The data to be discussed were taken on bars cut from several n-p 
germanium and silicon grown crystals. The resistivities are listed in 
Table 1. 


TABLE 1 

Resistivity Resistivity 

of n type of p type 

Material ohm-cm ohm-cm 
1. Germanium 2.0 0.2 
2. Germanium 8.5 1.1 
8. Silicon 0.05 3.0 
4. Silicon 9.0 0.2 


The units used were prepared by cutting the crystals into bars 0.25 
0.25 & 2.5 cm, wet lapping with 600 mesh carborundum, and etching with 
CP-8.% The germanium units were then immediately placed in the 
tube. At first, soldered and masked leads were used, but these gave so 
much contamination that later measurements were made using spring 
molybdenum clips in which the unit was placed after etching. In the 
case of silicon units the ends were copper plated before being placed in 
the holder. This gave a practically ohmic contact. Eliminating the — 
masking step in the etching procedure led to much more reproducible 
results. 


3 EXPERIMENTAL RESULTS 


The type of curve obtained when photoresponse is plotted as a func= 
tion of distance is shown in Fig. 1. The various curves correspond to 
different partial pressures of water vapor over the sample at 300°K, 
In vacuum the curve is approximately linear up to the junction. Goucher 
(Ref. 8) has shown that the slopes of the curve on either side of the 
junction are proportional to the lifetime of minority carriers. The cars 
riers produced by the light spot diffuse a distance x to the junction 
with decay factors of exp (—2z/L) where L = (Dr)% is the diffusion 
length and 7+ is the filament lifetime. As the addition of water vap 
only affects the surface it is reasonable to ascribe any change in the slo 
of the curve to changes in surface recombination velocity so that t 


* This etch has the following composition: 50 ce nitric acid and 25 co hydroflu 
acid, 
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effect of this quantity on the reverse current of a junction can be de- 
termined. 

Brown (Ref. 5) first suggested scanning a p-n junction with a light 
spot as a means of detecting channels and this method has been used by 
various workers (Ref. 1, 3). If an inversion region exists at the surface, 
then there must be a collecting junction between it and the body of the 
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Fia. 1 The effect of water vapor at various relative humidities on the photo- 


response curve of a grown germanium n-p junction unit at 300°K, with 
3 volts applied reverse bias. 


semiconductor. Any carriers produced along the length of the channel 
will be collected at this junction before they have time to recombine so 
that the photoresponse curve will have a flat top instead of a sharp 
peak, This effect is shown at the higher humidities in Fig. 1. The length 
of the plateau is taken to be the length of the channel so that the area 
of the induced junction can be calculated if we assume that the channel 
extends an equal distance from the bulk junction at all points. 

Unlike the results reported by MeWhorter and Kingston (Ref. 3), it 
was not found necessary to leave the etched unit in contact with oxygen 
before a channel could be detected, All the data reported in the present 
paper were obtained on freshly etched samples so that the presence of a 
relatively thick oxide film is not a prerequisite for channel formation, 
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4 DISCUSSION 


4.1 EFrrect ofr AMBIENT ON SURFACE RECOMBINATION VELocITy. It has 
been found that the slopes of the photoresponse curves change with 
ambient. If a freshly etched junction bar is placed in a vacuum the 
change is in the direction of increased surface recombination. This 
change does not occur immediately, but may proceed steadily for about 
one hour. It is reversible, in that addition of water vapor decreases the 
surface recombination rate (s), which returns to its previous high value 
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Fic. 2 The change in surface recombination rate and quasi-Fermi level as a func- 
tion of relative humidity. The function of the surface recombination rate 
shown is inversely proportional to the slopes of the curves in Fig. 1 in the 
n-type region. 


on evacuation. If the bar is warmed slightly during the pumping process 
(~100°C), s increases more rapidly and reaches a higher value. 

From sets of curves similar to those shown in Fig. 1 for the effect of 
water vapor on a germanium junction, values were calculated for the 
effective lifetimes of the minority carriers in the n and p regions, before 
and after addition of water vapor. The variation of s with relative 
humidity for the n-type material is shown in Fig. 2. The conductance 
of the junction at low voltages, el,/kT,, is due to hole flow in the n region 
and electron flow in the p region. It can be calculated in terms of in« 
trinsic conductivity oi, the conductivities of the two sides o, and op, the 
lifetimes of the injected carriers r, for holes and r, for electrons and the 
diffusion constants D, and D,. It is therefore possible to calculate values 
of the saturation current J,, and compare them with the measured values 
to determine whether the decrease which occurs at low humidities is { 
fact due to a change in minority carrier lifetime. 
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The saturation current is given by (Ref. 9) 


kTbo,? 1 1 
i.=A- 3 (— = $= 
q(1 + b)? onLip opLn 


where A is the area of the junction, b = p/n and L = (Dr)”. 
For germanium at 293°K it has the numerical value in amperes, 


1 1 
I, = 2410-74 (5+ ——..). 
on(Tp) a Fp(Tn) a 


The results of these calculations are given in Table 2. Therefore, the 


TABLE 2 
10% Relative 
Vacuum Humidity 
Crystal 1 
I, (exp) 9 vamp 7 pamp 
I, (calc) 7 vamp 5.5 wamp 
Crystal 2 
I, (exp) 25 vamp 23 pamp 
I, (calc) 23 vamp 21 wamp 


decrease in surface recombination rate during the adsorption of the first 
1-2 layers of water is sufficient to account for the decrease in dark cur- 
rent and the corresponding increase in photocurrent. In the case of sili- 
con practically no change in recombination rate was observed. 

The slopes of the photoresponse curves and presumably therefore the 
surface recombination rates on germanium could be changed by spark- 
ing in the vacuum space containing the junction bar. This caused a 
marked increase in surface recombination rate and at the same time the 
reverse dark current of the junction increased. A series of curves were 
taken after sparking for varying lengths of time, all of the order of a 
few seconds. The changes found after this treatment were much greater 
than those produced by varying the ambient from wet to dry. The life- 
times of holes in the n side obtained from these curves, together with 
experimental and calculated reverse saturation currents, were as follows. 


Vacuum 1st Sparking 2nd Sparking 3rd Sparking 
Tp 32.8 5.1 3.3 0.6 usec 
I, (exp) 8 18 20 63 pamp 
I, (cale) 7 20 25 59 wamp 


4.2 Mercuanism or Hich Reverse Dark Current. As was men- 
tioned in the introduction, there are two possible mechanisms which may 
lead to inereased reverse dark current (neglecting changes in surface 
recombination rate), namely, channel conduction and ionic or surface 
leakage, 

Hither one or both of these must explain the observed effect of water 
vapor on the reverse dark eurrent (7p) and photocurrent (7;), The re 
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sults for germanium are shown in Fig. 3 and will be discussed first. The 
decrease in dark current and increase in photocurrent at low humidities 
have already been explained in terms of surface recombination velocity 
so that we will confine our attention to the region above 20 per cent 
relative humidity. 

McWhorter and Kingston (Ref. 3) have correlated channel length 
with reverse dark current and obtained good agreement with a simple 
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Fic. 3. The effect of water vapor on the reverse dark current (Ip) and pho 
current (Iz) of a germanium unit. 


theory. The channel length is taken as the region between the two poin 
when the slope of the photoresponse curve changes abruptly. In the 
present work the channel length was only roughly proportional to th 
excess dark current (this being the increase in dark current over i 
minimum value), it being frequently possible tq detect channels of u 
to 0.2 mm in length without any measurable increase in reverse dar 
current. In the region above 20 per cent relative humidity both Jp a 
I;, are increasing so that changes in surface recombination rate cant 
account for the observed effects. A change in s changes the dark 
photocurrents in opposite directions. We are therefore left with eith 
channels or ionic conduction as possible mechanisms. If the latter 

these is operative, the amount of excess current should be independ 
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of light intensity, i.e., the change in dark current with humidity should 
equal the change in photocurrent. This would not be true if the current 
limiting barrier was at the electrolyte-semiconductor interface, for as 
Brattain and Garrett (Ref. 10) have shown, the current is increased in the 
presence of light but the current also saturates with increasing voltage. 
In the measurements on an n-p junction in a high humidity ambient the 
reverse current did not saturate but increased linearly with voltage. This 
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l'ia.4 The corrected photocurrent (I; — Ip) of a germanium unit as a function 
of relative humidity and the number of layers of adsorbed water. 


would indicate that the flow of electrons from the semiconductor into the 
electrolyte on the surface is not the current limiting step. This is not 
too surprising, as there is only a limited number of water molecules and 
foreign ions on the surface. If this concentration factor limits the cur- 
rent, then changing the light intensity will not affect it. Increasing the 
voltage, however, will increase the current as the velocities of the ions 
are increased. The quantity I;, — Ip, plotted against the number of lay- 
ers of water adsorbed and the relative humidity, is shown in Fig. 4 for 
several units. In each case the curves increase up to about the second 
layer of adsorbed water and then flatten out. ; 

If one compares the curves in Fig. 4 with those shown for channel 
formation in Fig. 1 it is immediately obvious that the corrected photo- 
current (17, = Tp) i not increasing in the high humidity range where 
the channel ix forming. This is very surprising as the junction formed 
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near the surface at high humidities should be a good collector of injected 
carriers. For this reason photoresponse curves were taken with varying 
amounts of steady light on the unit. The results shown in Fig. 5 indicate 
that as the amount of steady light is increased, the channel decreases 
in length and finally disappears. This could possibly be explained by the 
observation of Brattain and Bardeen (Ref. 11) that the change in con- 
tact potential with light, (AC.P.)z, for a water vapor exposed unit was 
opposite in sign to the change in contact potential AC.P. between a dry 
and wet condition. (See following section on channels.) By illumination 
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Fig. 5 The effect on the photoresponse curve caused by changing the intensity 
of the steady light. Note the decrease in channel length (I). 


it may therefore be possible to eliminate or at least drastically reduce 
the inversion region at the surface. This gives us a means of separat- 
ing channel and ionic conduction. If one measures reverse current as a 
function of steady light intensity at a series of humidities, one of two 
things should happen. 


(i) If we are only dealing with channel conduction, the current at 
high light intensities in the wet condition (when the channel no longer 
exists) should approach the corresponding current observed for the dry 
state. 

(ii) If ionic conduction is the controlling mechanism the increase in 
current between the dry and wet states should be the same irrespective 
of the light intensity. 


These measurements were carried out and the results are shown in 
Figs. 6(a) and 6(b). Figure 6(a) represents data on germanium and 
Fig. 6(b) data on silicon. The results shown were taken at 20 v, but 
similar curves were obtained between 5 and 60 v. At low humidities 
the surface recombination rate on germanium changes, and this accounts 
for the change in slope between curves 1 and 2 of Fig. 6(a). From 30 
per cent humidity to saturation, however, the curves of Fig. 6(a) are 
effectively parallel so that the majority of the excess current must be 
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carried by a mechanism that is not affected by the amount of steady 
light, such as ionic conduction. 

Unlike germanium, the curves obtained on silicon samples [6(b)] were 
not parallel straight lines but had an initial slope that increased as the 
channel length increased. As the value of the channel length / was de- 
creased by increasing the steady light intensity in just the same way as 
for germanium, the curves departed from linearity as would be ex- 
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d if mechanism (i) was operative. Attempts were now made to 
Ce ionic conduction on germanium by cooling below the freezing 
point of the adsorbed water (where the ionic mobilities must be very 
low) and to measure channel conduction. A n-p junction bar was placed 
in a high humidity ambient and cooled to 180°K with the bias applied 
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Fic. 7 The reverse dark current of a germanium n-p junction in the presence 
saturated water and ethyl alcohol vapor as a function of temperature, 


and then warmed slowly to room temperature, measuring the temperix 
ture of the bar (with a thermocouple) and the reverse current. ‘T 
results are shown in Fig. 7, where it can be seen that the current 
practically zero until temperatures close to 273°K are reached. Bel 
220°K no current could be measured. This rapid increase of cur 
near the melting point of ice confirms the previous observation that 
ionic conduction mechanism is an important one in increasing reve 
currents of n-p junction units in high humidity ambients, A simi 
curve is shown for the effect of ethyl aleohol, In this case the eu 


Chapter 11: DEsicn ImpticaTIoNs oF SURFACE PHENOMENA 607 


increases at 165°K. The melting point of pure ethyl alcohol is 156°K, 
but the material used could easily have been contaminated with water. 
No normal junction could be expected to show an appreciable current at 
these low temperatures, so that the mechanism must be one involving ions. 
It would be interesting to investigate the effect of temperature on current 
at humidities other than saturation, but there seems to be no obvious 
way of doing this as increased adsorption occurs when the junction bar 
is cooled. 

If the excess current found at relative humidities above 40 per cent 
is ionic in nature, one would expect to find some gas evolution at the 
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RELATIVE HUMIDITY IN PER CENT 
Fig. 8 The number of molecules of gas evolved from a germanium junction plotted 
as a function of relative humidity. The curve is calculated from the 
number of coulombs of excess current passed at constant time. 


electrodes as a result of electrolysis of the water. One of the authors has 
previously reported (Ref. 2) an unsuccessful attempt to observe this gas 
evolution. More recently gas evolution has been observed using a dif- 
ferential pressure system of small volume, incorporating an oil manom- 
eter. The various humidities were obtained from salt solutions and a 
nitrogen ambient. When the pressure differential was observed as a 
function of time after reverse biasing the junction, two effects were ob- 
served, The pressure always increased rapidly at first and then became 
linear with time. After switching off the current, the pressure decreased 
for 2-3 min and then remained constant. It is probable that the rapid 
initial increase in pressure and the decrease after switching off are due to 
heating and cooling respectively. If one takes the difference in pressure 
before passing current and after temperature equilibrium this should give 
& measure of the ionic current passed, In Fig, 8 the number of gas mole- 
cules evolved is plotted as a function of relative humidity, ‘The curve is 
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calculated on the basis that all the excess current is ionic in nature and 
leads to the evolution of hydrogen and oxygen. The agreement between 
the calculated and observed values is strong evidence for the existence 
of ionic conduction on freshly etched junction units in high humidity 
ambients. 

On the basis of a simple picture one would expect the first layer or two 
of adsorbed water to produce the inversion region at the surface of the 
semiconductor. In the photoscanning experiments this is not found to 
be the case, but, in a study of the effect of water vapor on n-p-n tran- 
sistors, Kingston (Ref. 12) has found that the conductivity from emitter 
to collector changes most rapidly in the low humidity (<40 per cent) 
region, where only one or two layers are adsorbed. From values of the 
conductivity he calculated figures for the quasi-Fermi level (q;) for 
electrons at the surface. In Fig. 2 these are plotted as a function of 
humidity where values are also given for the surface recombination rate 
variation as found in the present work. The most striking thing is 
that both quantities m, and s change most in the low humidity range 
during the adsorption of the first two layers of water and are almost 
constant above 40 per cent. This implies that any excess current pro- 
duced at humidities above 40 per cent is not an electron current in the 
semiconductor but more probably an ionic current in the water film. 

In the case of the silicon samples little or no evidence has been found 
for ionic conduction. Water vapor did not appreciably change the re- 
verse current-voltage characteristic of crystal No. 4 and all the meas- 
urements reported below were taken on samples from No. 3 with a higher 
resistivity p side. In Fig. 9 the reverse dark current of a unit from 
chystal No. 3 is plotted as a function of voltage at several humidities. 

The primary effect of water vapor is to increase the saturation current 
without markedly affecting the breakdown voltage—except at 100 per 
cent relative humidity. These changes are what one would expect for the 
formation of a channel or surface inversion region. The effective area 
of the junction is increasing, so that the current increases, but no marked 
change is made in the breakdown voltage. As the channel increases in 
size, the current would be expected to saturate at steadily higher volt- 
ages. This is what is actually found. In vacuum, it saturates at less 
than 0.5 v, while at 80 per cent relative humidity it does not saturate 
until a bias of 2 v is applied. One might expect to observe the growth 
of the channel in the photoresponse curve, but no change is apparent 
until the unit is in 100 per cent water vapor. As we could detect a chan- 


nel of 0.1 mm length, we must conclude that the one existing at humidi-— 


ties below saturation is shorter than this. This means that its satura- 
tion current is >2 X 10-® amp/cm? compared with the bulk junction 
saturation current of 7 x 10-8 amp/cm?. At 100 per cent relative hu. 
midity the channel current is 1 x 10-7 amp/em?. 

This formation of channels without the complication of ionic conduc« 
tion is just what one would expect in the presence of a stable oxide film, 
The difference between these results and those obtained on germanium 
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(Ref. 3) is further evidence that in the latter case another conduction 
mechanism is operative. 

_As a first approximation, we can treat the silicon surface as a silicon 
dioxide surface. The adsorption isotherm for water on SiO». has been 
measured (Ref. 13) as well as the extent of its reversibility (Ref. 6), so 
that it should be possible to compare these results with the changes in 




















































































2 4 683 2 4 68,5 2 4 6 


8 
10 10-& 
CURRENT IN AMPERES 


Fie.9 The reverse dark current of a grown silicon n-p junction unit as a function 
of applied voltage for various relative humidities. 


reverse dark current with humidity. In Fig. 10 the excess dark current 
is plotted as a function of humidity. No change is observed below 15 
per cent, but as the first layer of adsorbed water on SiOz is formed at a 
humidity of 10 per cent, and cannot be removed by pumping, this is in 
fair agreement. The steady increase in current between 20 and 80 per 
cent can only be due to channels, as mobile water, which is a prerequisite 
for ionie conduction, is not adsorbed at humidities below 40 per cent. 
The current increases very rapidly near 100 per cent humidity, but we 
know, from the photoresponse curve, that the channel has increased 
enormously in this region so that it could be due to electronic conduction 
in the channel. The rapid increase in channel size near saturation 
would lead one to believe that actual ion movement is contributing to its 
formation, When the water film is very thick, ions may be able to move 
even though an oxide film is present on the silicon surface, It is reason- 
able to say therefore, that all the excess current found when a silicon 
n-p junction is exposed to water vapor is due to channel conduction, 
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Fig. 10 The increase in reverse dark current above that found in a vacuum (Ai) 
as a function of relative humidity for a silicon n-p junction. 
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The difference between germanium and silicon is shown in Fig. 11, 
where the reverse current is plotted as a function of voltage for the wet 
and dry conditions. Figure 11(a) is typical of the germanium results 
while 11(b) is typical for silicon. The first shows a complete change in 
the shape of the characteristic while the latter only indicates an increase 
in the saturation current. Whenever the excess current is completely due 
to a channel, one should obtain curve 11(b). 


4.3 CHANNELS. We will now describe some of the properties of the 
channels that are formed after the adsorption of appreciable quantities 
of water vapor. To separate the channel phenomenon from other pos- 
sible current carrying mechanisms it is necessary to deal only with 
channel length J and not the values of reverse current. 


4.3.1 Change of | with Applied Voltage. McWhorter and Kingston 
(Ref. 3) have treated a channel as a rectifier and resistance in series, and 
obtained an expression relating channel length or current to the applied 
voltage. 

2 = 2 Va 


on fics 

AI, Vo 
From this equation, where A, J,, and Vo are constants, we would expect 
l? to be proportional to In V4 the applied voltage. 


In Fig. 12 the channel length for several runs on germanium is plotted 
as a function of applied voltage and the curve represents the theoretical 
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Fig. 12 Channel length (/) plotted as a function of applied voltage for a germanium 
n-p junction at constant relative humidity, The curve is calculated 
from the theory of McWhorter and Kingston. 


relation ? = k In V4. The agreement is quite good, If current is used 
in place of 1 no such agreement is found, A similar agreement was found 
for silicon except that the current was used in place of L, 

The only difference between these results and those obtained b 
MeWhorter and Kingston is the size of the channel obtained, whic 
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was about four times larger in the latter work. We may therefore con- 
clude that the simple theory adequately describes the effect of applied 
voltage on the channel length. 


4.3.2 Effect of Steady Light on Channel Length. We have already 
mentioned that the length of the channel (1) on both silicon and ger- 
manium decreased as the intensity of steady light illumination was in- 
creased. If the light was turned off, the channel returned to its previous 
value over a period of several minutes. The decrease in channel length 
with increasing light intensity could possibly be ascribed to any one or 
more of three causes. (i) Brattain and Bardeen (Ref. 11) showed that 
the effect of shining a bright light on a germanium surface was to change 
the contact potential to a value which was independent of whether the 
ambient was wet or oxidizing and which for a p-type sample was fairly 
low. However, this only applies to a chopped light source as Garrett 
and Brattain (Ref. 14) have shown that (AC.P.), for a steady light is 
zero. In the present work therefore this cannot explain the observed 
effects. (ii) The relationship obtained by McWhorter and Kingston 
(Ref. 3) relating channel length to the saturation current of channel-bulk 
semiconductor junction (J,) 

VA 
? = —In— 


AI, Vo 


would imply that as 7, was increased (for example by shining light on the 
surface), | would decrease. This, however, will only be true if A is inde- 
pendent of light intensity. The value of A depends upon the relationship 


R=AV,4 


where F is the resistance of the channel and V, is the applied voltage. 
If the number of electrons in the surface region is increased, R will de- 
crease and therefore A will also decrease. The product AJ, may therefore 
be practically unaffected by light intensity. (iii) The most obvious ex- 
planation and probably the correct one is that, as the light intensity is 
increased, the current through the channel is increased and therefore the 
voltage drop along the channel is increased. This causes the channel 
to pinch off at a shorter distance from the bulk junction. 

Even (iii), however, cannot be the complete explanation of the changes 
produced by the light as the channel does not return to its original length 
immediately upon turning off the light. This suggests that some process 
with a high activation energy is involved such as the ionization of im- 
purities in the presence of the applied field or the movement of ions 
across the surface. Either of these changes would be due to the fact 
that the surface ionic charge should change in such a way as to restore 
the surface potential to its equilibrium value. 

In many cases the effect of the light was to make the channel vanish 
completely so that any excess current produced by the water in this 
case could hardly be ascribed to channel conduction. This makes the 
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flooded light measurement useful as a means of separating channel and 
other effects. Unfortunately, it has not been possible to obtain an equa- 
tion relating photocurrent to light intensity for channels of fixed length. 
By analogy with normal p-n junction theory one would expect a linear 
relationship, but an extension of the theory of MeWhorter and Kingston 
(Ref. 3) indicates that the current should be proportional to the square 
root of the light intensity. This may be the result of treating the case 
as a one-dimensional instead of two-dimensional problem. 


5 SUMMARY 


A series of measurements have been made on grown germanium and 
silicon n-p junction units in various ambients. In the case of water 
vapor the following conclusions are possible: 


(i) Low relative humidities decrease the surface recombination rate 
of germanium relative to the vacuum condition but do not affect silicon. 

(ii) Humidities above 30 per cent produce channels on both ger- 
manium and silicon units. 

(iii) High humidities produce excess current on germanium even at 
temperatures close to 273°K but not below. 

(iv) Channel length as a function of voltage obeys McWhorter and 
Kingston’s equation. 

(v) Shining steady light on the unit decreases the channel length on 
both germanium and silicon samples but as Figs. 6(a) and 6(b) show, 
the excess reverse current is only changed from the value which is found 
in the dark condition for silicon. Hence some other mechanism than 
channel conduction is operative at germanium surfaces. It is probable 
that this is ionic in nature and the low temperature and gas evolution 
data confirm this. 


It is concluded that the effects found when water vapor is adsorbed 
are due to impurities over which little or no control is at present possible 
and that at least two current carrying mechanisms are operative. The 
existence of two mechanisms is in agreement with the results obtained 
by Christensen (Ref. 1). 
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11C. CHANNELS AND EXCESS REVERSE CURRENT IN 
GROWN GERMANIUM p-n JUNCTION DIODES * 

A. L. MCWHORTER AND R. H. KINGSTON 
Measurements have been made on grown germanium p-n junction diodes 
in an attempt to correlate the excess reverse current that occurs under 
exposure to water vapor with the presence of an n-type surface-conduc- 
tivity layer, or “channel,” on the p side of the junction. Using an optical 
method to measure the length of this surface layer, it has been found 
that: 1) no channel is formed on a freshly CP-4-etched surface, and that 
2) for well-oxidized surfaces, large excess reverse currents occur which 
are directly proportional to the length of the channel for all measured 
values of applied voltage and humidity. By combining this observation 
with the known behavior of the channel conductivity with humidity and 
voltage, a formula for the excess current as a function of the applied 
bias is derived. In spite of several oversimplifications in the model, the 
predicted values agree reasonably well with the experimental results for 
biases greater than one volt. 


INTRODUCTION 


Law (Ref. 1) has discussed one possible mechanism for the occurrence 
of excess reverse current in grown germanium p-n junction diodes. His 
results indicate that when a diode with a freshly prepared, unoxidized 
surface is exposed to water vapor, ion migration along the surface can 
produce a sizable leakage current. In the work to be described below, 
it has been found that much larger excess currents can occur with well- 
oxidized surfaces, and that in this case the current must be attributed to 
a completely different mechanism, namely the increase in the effective 
rectifying area of the diode which results from the presence of a water= 
induced n-type surface conduction layer on the p side of the junction, 
Such surface inversion layers, or channels as they are called, have been — 





* Originally published in Proc. IRE, Vol. 42, Sept. 1954. The research reported 
here was supported jointly by the U.S. Army, Navy and Air Force under contract 
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to M. Green for suggestion of the humidity apparatus, and to H, Christensen, J, Ty 
Law, and J. N. Shive, of Bell Telephone Laboratories, for discussion and correl 
tion of the experimental work reported, 
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studied on n-p-n transistors by Brown (Ref. 2) and were used by him to 
explain the high emitter floating potential often observed when a reverse 
bias is applied between the collector and base. Christensen has since 
established the existence of channels on p-n junctions by an optical de- 
tection method (Ref. 3), and has been able to produce both n-type chan- 
nels on the p side and p-type channels on the n side of the junction by 
suitable surface treatments. 

Since the optical technique used by Christensen allows the length of 
the channel to be determined as well as its existence, it provides a direct 
method for correlating the excess current with the channel length. Such 
a correlation has been carried out for different relative humidities and 
applied voltages, and the results, as presented below, show a direct 
proportionality between the two under all measured conditions. This 
observation is used together with other experimental results on channel 
conductivity to form a model of the channel behavior, which in spite 
of several oversimplifications is nevertheless complete enough to give a 
quantitative prediction of the excess current as a function of the applied 
voltage that agrees satisfactorily with the measured values for biases 
greater than one volt. 


EXPERIMENTAL RESULTS 


The experimental equipment was composed of three main parts: first, 
a sample chamber and associated apparatus for varying the humidity; 
second, a 900 eps chopped light source producing a line image 20 microns 
wide on the surface of the diode and parallel to the junction; and third, 
a 900 eps detector and de bias and metering instruments. The last part 
needs no special comment, and the only unusual feature of the optical 
system was the inclusion of an infrared filter to limit the light penetra- 
tion to about 10-4 em. This ensured that all of the minority carriers 
generated by the light were collected by the channel rather than by the 
bulk junction. Humidity was controlled by circulating the ambient gas 
in a closed system over different saturated salt solutions, thus obtaining 
the known vapor pressure associated with the particular salt (Ref. 4). 
This gave an easily reproducible set of relative humidities covering most 
of the range from 0 to 100 per cent. Furthermore, by a careful selection 
of the salts, nearly constant humidities could be obtained in the tem- 
perature range of 20° to 30°C. 

The sample used throughout the experiments was a bar 0.20 xX 0.20 « 
2.0 em cut from a grown germanium p-n junction having 1.6 ohm-cm 
p-type and 9.0 ohm-cm n-type resistivity. The first measurements were 
made immediately following a CP-4 etch and showed neither a detect- 
able channel nor an appreciable excess current, Exposure to oxygen for 
several hours, however, produced both large channels and excess currents, 
indicating that an oxide layer is essential to channel formation, which 
agrees with the reported observations on transistors (Ref, 5), After 
this discovery all further work was confined to well-oxidised surfaces, 
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Fig. 1 Photoresponse curves at 100 per cent relative humidity, with the extent 
of the channel indicated by the vertical arrows. All curves were taken 
with a 10,000-ohm load resistor, but have been displaced vertically for 
clarity. 
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Fig. 2 Excess current per unit circumference vs channel length for several val 
of relative humidity. 
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in contrast to the work of Law (Ref. 1) where the surface was prepared 
in vacuum and exposed only to water vapor. For greater stability of the 
oxide surface, only nitrogen ambients were used. 

A typical set of photoresponse curves, in this case for 100 per cent 
relative humidity, is shown in Fig. 1. As can be seen, the end of the 
channel is somewhat indefinite; but if it is taken to be the point where 
the slope suddenly changes, as indicated by the vertical arrow, then for 
the entire range of applied reverse bias, 0.1 to 10 v, the excess current 
is found to be directly proportional to the channel length. Moreover, 
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Fig. 3 Theoretical and experimental curves of excess current vs applied voltage. 


the constant of proportionality is independent of the relative humidity, 
as shown in Fig. 2. (The slope did increase slightly, however, over a 
period of weeks, presumably from slow growth of the oxide layer.) 
Humidities below about 30 per cent produced channels too small to be 
measured accurately by the light technique. 

In addition to the results above the excess reverse current vs voltage 
is plotted in Fig. 3 for several values of humidity. The theoretical 
curves also shown in this figure will be derived at the end of the next 
section. 


THEORY 


By extending Brown’s model (Ref. 2) for channels in transistors to 
the p-n junction structure, a fairly complete picture of the channel be- 
havior may be presented, As shown in Fig, 4, the channel essentially 
forms an extension of the normal reverse-biased junction area with an 
accompanying inorease of current due to surface-generated holes being 
swept into the p region and bulk-generated electrons awept into the 
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channel. The electrons generated at the surface and those collected 
from the bulk combine to produce a longitudinal current in the channel 
which flows toward the n side. The resulting voltage drop along the 
channel decreases the bias between the surface and the p-type material. 
Since a high field at the surface tends to pinch off the conduction path, 
the channel becomes wider as the distance from the junction increases. 
At large distances the width approaches the limiting value associated 
with the equilibrium inversion region (Ref. 6). Thus in one sense the 
channel continues indefinitely, but only over the section for which the 
applied voltage is much greater than k7’/q will the surface barrier be 





CHANNEL LENGTH = 2 





n- p-TYPE Ge 





Fic. 4 Schematic diagram of channel showing the increase in the effective recti- 
fying area of the diode produced by the space-charge barrier just beneath 
the surface of the p region. 


acting as a perfect collector of minority carriers. As the applied bias 
drops through kT//q, there will be a rapid transition from full satura- 
tion current across the barrier to the equilibrium condition of zero cur- 
rent, giving an effective length | for the channel as far as excess current 
is concerned. Electrons generated farther away than this from the 
junction must diffuse through the intervening distance in order to be 
collected, with the attending probability of recombining before the col- 
lection can take place. Thus a photoresponse curve would be expected to 
fall off exponentially beyond this effective end of the channel, indicating 
that 1 is the length which is measured by the curves in Fig. 1. 

Fig. 2 shows that the saturation current J, flowing across the barrier 
is constant for this distance /, which in turn implies that the surface gen- 
eration is independent of the applied bias and the relative humidity, at 
least for humidities above 30 per cent. The slope of the curve gives a 
value for J, of about 300 »amp/cm?. The part due to bulk generation 
can be calculated from the lifetime and is about 90 wamp/cm?, leaving 
the majority to be attributed to generation at the surface. 

It should be pointed out that Fig. 4 has been greatly distorted in order 
to show the whole channel region on one diagram. For the sample used 
in this experiment, the channel width is of the order of 10> em, while the 
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space-charge barrier between the channel and the p region is about 
10-4 cm, and that at the true junction is about 10-3 cm because of the 
small doping gradient. The width of the light slit is about twice the 
junction barrier. 

By combining the observations of Fig. 2 on the proportionality of ex- 
cess current to channel length with the known behavior of channel con- 
ductance with humidity and applied bias, it is possibile to derive a for- 
mula for excess current as a function of applied bias. The above discus- 
sion shows that the longitudinal current flowing in the channel at a dis- 
tance x from the junction is 


faa Fa ( . *). (1) 


As has been reported (Ref. 7), the surface resistance of channels as meas- 
ured on the p-type region of an n-p-n transistor is proportional to the 
applied voltage for biases greater than about one volt, with the constant 
of proportionality a function of the relative humidity. Hence 


OV x 
— = —RI = —-AVJl (1 _ ‘). (2) 
Ox L 


where A is a function of the relative humidity only. 

If the voltage at the end of the channel is taken to be an adjustable 
parameter Vo, and the applied voltage at x = 0 is denoted by Vu, then 
integration of (2) gives 

In Va = ey r (3) 
Vo 2 


Therefore the excess current is 





% 
a, Yat . 


I, = Jil = (= In 
A Vo 
The most recent experimental values (Ref. 8) for A are given in Table 
1 for several humidities. The values in the first column are those meas- 


ured on an n-p-n transistor with a p-type resistivity of 3.3 ohm-cm. The 
present model (Ref. 5) for the channel requires that these values be 


TABLE 1 SURFACE RESISTIVITY OF THE CHANNEL PER UNIT 
APPLIED VOLTAGE 


Relative Experimental Values Converted Values 
Humidity, for n-p-n Transistor, for p-n Junction, 


per cent ohm/volt ohm/volt 
82 1.55 & 10° 8.2 « 10° 
44 0,69 14 
58 0,50 1,08 
7b 0,41 0.84 


84 0,30 0,62 
100 0,105 0.04 
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multiplied by the ratio of the resistivities, 3.3/1.6, to obtain the appropri- 
ate value for the 1.6 ohm-cm material used here. These converted values 
are tabulated in the second column. 

The best fit between theory and experiment at the higher voltages is 
obtained with Vo» equal to about 0.5 v, and it is this value which is used 
together with the data of Table 1 for the theoretical curves in Fig. 3. 
At low voltages, this method gives a completely wrong answer; but then 
neither the formula for surface resistivity nor the model for the chan- 
nel holds much below one volt, so that disagreement would be expected. 


For this reason the theoretical curves have not been continued below 
one volt. 


DISCUSSION 


There are two points concerning Fig. 3 which need further comment. 
The first is the justification for using such a large value for Vo when the 
previous discussion had indicated that the voltage at the end of the chan- 
nel was of the order of kT'/q, or about 0.026 v at room temperature. In 
the last section, however, only the main features of the channel were 
presented for the sake of clarity. At low voltages certain refinements 
in the theory become quite important. For instance the complete theory 
predicts that the channel resistivity should be proportional not just t 
the applied voltage, but to the applied voltage plus the equilibrium dif 
ference in potential between the surface and the bulk. This is actuall 
in much closer agreement with the experimental data on channels 
n-p-n transistors. Hence Vo in (3) and (4) should be reinterpreted a 
the applied voltage at the end of the channel, about k7'/q as previousl 
mentioned, plus this equilibrium difference in potential. The latter is 
slowly increasing function of the relative humidity and has been fou 
experimentally to be as large as 0.3 v. In view of this, a value of 0.5 
for Vo begins to look much more reasonable. However, even when th 
correction is made in the theory, (4) still does not check with the e 
perimental curves at low voltages. The remaining discrepancy is pro 
ably just due to the use of an over-simplified model which breaks do 
for small channel lengths. Actually it is only for the middle section 
the channel that (1) is valid. At the far end the transition between fu 
saturation current and zero current has been completely neglected. Th 
includes both the decrease in J, at very low voltages and the end effee 
that the channel produces on the diffusion flow pattern. Near the juni 
tion, on the other hand, the problem really becomes two-dimensional 
cause of the joining of the channel barrier to the junction barri 
Furthermore, there is the added complication of the doping gradient 
this region, for the transition from n-type to p-type material takes ab 
0.025 cm or more in the sample used. If the channel is long enou 
that is if the applied voltage is high enough, then these end regions 
come relatively much less important, and in fact their effect beco 
more like & modification of the boundary conditions for the midd 
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section of the channel. Therefore it is not too unreasonable to try to 
lump all of these corrections into the one boundary parameter Vo and 
adjust that to give the best fit with experiment. Fig. 3 shows that this 
procedure is quite successful. 

A second observation concerning Fig. 3 is the disagreement in magni- 
tude between the theory and experiment for the two central curves de- 
spite the agreement in shape. This points out the uncertainties in ex- 
periments of this type, where the detailed effects of oxidation and sur- 
face conditions are not completely understood. It is quite possible that 
the p-n junction used here and the n-p-n transistor from which the values 
in Table 1 were obtained had different adsorption curves for water, or 
that because of the differences in the oxide layer, a given amount of ad- 
sorbed water did not have the same quantitative effect in both cases. 
Further investigation on the effect of the oxide layer is in progress. 
There could also have been trouble arising from temperature differences 
within the system. It has been found that the channel is relatively in- 
sensitive to a slight change of temperature for the whole system, but 
that only a fraction of a degree difference between the sample chamber 
and the salt solution gives a measurable higher or lower effective humid- 
ity for the junction. In work now in progress, steps have been taken to 
eliminate this possibility of error. 

Several other experimental observations are of interest. One is that 
for about a week during the course of the investigations, a rather large 
p-type channel on the n side of the junction occurred upon exposure 
to dry nitrogen. While it lasted, this channel was fairly stable and 
showed qualitatively the same behavior as the n-type channels discussed 
above. However, it then disappeared rather abruptly, and subsequent 
efforts to reproduce the results were unsuccessful. 

As another check on the general model of the channel, the capacitance 
of the reverse-biased junction was measured at a frequency of 800 ke. 
The excess capacitance over the value without the channel was found to 
be of the right order of magnitude and to have qualitatively the correct 
dependence on voltage. No closer comparison between theory and ex- 
periment can be made since only an approximate solution was carried 
out. The exact calculation would be very difficult since the channel, 
looking from the n side, is an extremely lossy transmission line whose 
series resistance and shunt capacitance are functions of distance. 

It should be emphasized that the voltage-current characteristics dis- 
cussed in this report are all taken under de conditions. As has been re- 
ported elsewhere, the occurrence of a channel on the surface is not an in- 
stantaneous phenomenon. Studies in these laboratories indicate that for 
both n-p-n transistors and p-n junctions in a wet nitrogen ambient, a 
time of the order of 0.1 see is required for equilibrium conditions to be 
reached after application of bias voltage, Although the mechanism of 
this delay time is not completely understood, it is known that the rate of 
build-up of positive surface charge is the limiting factor in the estab. 
lishment of the channel, Thus, in the junction discussed above, the ac 
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current-voltage characteristics would be extremely complex, especially in 
the frequency range around 10 eps where the period of the applied 
voltage is of the order of the delay time. Since the current, in this case, 
will lag behind the applied bias, the impedance would be expected to be 
inductive; however, no quantitative data are available at this time. 


CONCLUSIONS 


The results indicate that the behavior of junction diodes in various 
ambients can be treated analytically with reasonable success. Of course, 
the experiments described specifically apply only to a moist nitrogen 
ambient; however Christensen’s (Ref. 3) data indicate that the argu- 
ments should carry over directly to other gases. There is still a region 
of uncertainty as to whether the ionic conductivity discussed by Law 
(Ref. 1) or the channel mechanism is operative in a specific case. At 
present there are two criteria. First, the current-voltage characteristic 
should be linear for ionic conduction and somewhat logarithmic for the 
channel case, as shown in the data above. Second, ionic conduction is 
most probable when the oxide layer is extremely thin, because a thick 
oxide seems to produce a channel, which would then greatly reduce the 
component of the electric field along the surface by increasing the dis- 
tance over which the voltage drop occurs from the normal junction bar- 
rier width to the entire channel length. 

A further mechanism of current generation in the channel is also be- 
ing investigated. At much higher bias voltages or with lower resistivity 
p-type material, it is quite probable that there will occur some form of 
breakdown between the channel and the bulk material. Such a break- 
down, which could be either a Zener (Ref. 9) or Townsend (Ref. 10) 
type, would produce currents much larger than those discussed above. 
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11D. FACTORS AFFECTING RELIABILITY OF ALLOY 
JUNCTION TRANSISTORS * 


A. J. WAHL AND J. J. KLEIMACK 


Oxygen and water vapor, when individually in contact with the transistor 
surface, have been found to cause substantial and generally opposite 
changes in the characteristics of germanium alloy junction transistors. 
These changes, however, are reversible: by means of vacuum baking a 
reproducible set of characteristics can be repeatedly re-established after 
water vapor or oxygen has caused a large change in the characteristics. 
Very pure forms of other ordinary gases, such as hydrogen, nitrogen, and 
helium, are found to have no effect on these transistors. 

Very nearly ideal time stability of characteristics can be obtained, even 
under severe aging conditions, when water vapor and oxygen are com- 
pletely removed and permanently excluded from the transistor surface, 
although under some circumstances a very pure atmosphere of oxygen 
(or air) may be desirable for the p-n-p transistor. 


INTRODUCTION 


As a solid-state competitor to the vacuum tube, the transistor offers the 
promise of an extremely high order of stability and reliability, inasmuch 
as the primary electronic processes occur inside a continuous solid, with 
no hot cathode or vacuum or delicate mechanical structure to go awry. 
The expected stability of the interior of the transistor has indeed thus far 
been borne out by experience, but the extent to which surface effects con- 
tribute to over-all behavior was not foreseen at first. 

In early experience with transistors excessive water vapor was found 
to cause transistor deterioration by increasing the collector junction re- 
verse current (Ref. 1). A solution to this difficulty appeared to lie in 
dry room temperature hermetic sealing, a practice which was widely 
adopted and is still being credited with insuring against transistor de- 
terioration. However, when such hermetically-sealed transistors still 
exhibited serious deterioration of characteristics during severe aging tests, 
a more careful and detailed study was undertaken to determine the cause 
of the deterioration. 

In particular, the study was made on freshly-etched germanium alloy 
or “fused” junction transistors of both the n-p-n and the p-n-p types, 
similar in basic structure to those now widely marketed by various manu- 
facturers (particularly of the p-n-p type). This basic structure is shown 
in Fig, 1, 

The results of the investigation have disclosed that water vapor and 
oxygen individually have rather drastic effects on the transistor char- 
acteristics, such as junction breakdown voltage (V»), junction reverse 


© Originally published in Proo, IRB, Vol, 44, April 1006, 
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Fie. 1 Basic structure of alloy or fused junction transistor. 


current (Z,), and alpha, whereas the effects of very pure forms of other 
ordinary gases, such as hydrogen, nitrogen, and helium, are essentially 
nil. 


NECESSITY FOR CAREFUL TECHNIQUES 


Careful experimental techniques are necessary to separate the effects 
of oxygen and water vapor: 1) because of the prevalence of these two 
substances as normally encountered ambients, 2) because of the relative 
difficulty in completely removing them, 3) because of the large changes 
which each of them causes on transistor characteristics, and 4) because 
the effects of the two are generally counteracting. Therefore, to observe 
what are now believed to be the true individual effects of either water 
vapor or oxygen, the transistors used in this study were initially cleaned 
by baking in a high vacuum at as high a temperature as the particular 
transistor structure would permit. 


EXPERIMENTAL TECHNIQUES 


Since the p-n-p transistor uses indium, whose melting temperature is 
about 150°C, the baking temperature was held to 135°C. On the other 
hand, since the n-p-n transistor uses arsenic-doped lead, it can be 
vacuum-baked to at least 100°C higher temperature. A significant point 
of interest on the n-p-n is the fact that its characteristics are essentially 
the same whether the transistor has been vacuum-baked at 135°C or 
235°C, indicating that essentially all uncombined oxygen and water vapor 
are removed at the lower temperature insofar as effects on device param- 
eters are concerned. 

The vacuum in all cases was about 2 x 10-° mm Hg. Spectroscopi-« 
cally pure reagent grade oxygen was used from glass bottles sealed to 
the vacuum station and admitted in measured quantities starting at a 
pressure of 2 <x 10-* mm Hg. In the case of water vapor, pure deionized 
distilled water was distilled once in the vacuum station under fore= 
pump vacuum into the cold trap and held at liquid nitrogen tempera. 
ture during the vacuum baking process, then later released to give 
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various vapor pressures by holding the cold trap at various temperatures 
starting at 0°C. (Before admitting oxygen or releasing water vapor, it 
was observed that the vacuum station could hold a high vacuum over 
long periods of time when shut off from the pumps.) When water vapor 
was used, pumping continued for a short time immediately after removal 
of the liquid nitrogen in order to remove any gases trapped with the 
water vapor. Such removal was evidenced by a rapid change in pressure 
from 2 X 10-® mm Hg to about 5 x 10-5 mm Hg and back to about 
4X 10~® mm Hg within about a minute after the liquid nitrogen was re- 
moved and before the beginning of the subsequent slow, steady rise in 
pressure due to release of water vapor. When the latter slow rise in 
pressure had begun, the system was shut off from the pumps and the 
temperature of the cold trap was brought up to 0°C by means of an ice 
water bath. The transistors did not change as a result of the first rapid 
pressure excursion into the 10—* mm Hg pressure range. Since pumping 
was always started with a nitrogen atmosphere inside the vacuum station, 
most of this pressure was quite probably due to nitrogen, which has no 
effect on these transistors. 

The results presented here were obtained with both n-p-n and p-n-p 
transistors on the vacuum station at the same time. The n-p-n transistors 
were designed with low « for a particular application. Since they were 
symmetrical units (emitters and collectors of same area), the « for each 
transistor was approximately the same in either direction, and the junc- 
tion reverse currents were in the same range of values for emitters and 
collectors. On the other hand, the p-n-p transistors had collector diame- 
ter twice the emitter diameter, hence the reverse currents of the col- 
lectors were correspondingly higher and the alpha in the normal direc- 
tion much higher than that in the inverted direction (when emitter and 
collector are interchanged). 

The experimental procedure consisted of taking measurements of the 
transistors in the sequence of steps shown in Figs. 3 to 8. The “vacuum 
bake” readings were taken after the transistors had cooled to room tem- 
perature but were still in high vacuum. The other readings were taken 
also at room temperature with the transistors in the various pure ambient 
atmospheres as shown. 


DEFINITION OF MEASUREMENTS 


The junction breakdown voltage (V,) is defined as the voltage at 
which the reverse current is 20 »amp higher than the low voltage satura- 
tion current. In most cases this measurement was quite well defined, 
particularly for the n-p-n transistors The reverse junction impedances 
were high (>10 megohms) and then with increasing voltage broke quite 
sharply to very low impedances. In general, the effect of the ambient 
(oxygen or water vapor) was to cause a shift of the characteristic parallel 
to itself to a different saturation current and different breakdown voltage, 
leaving the junction impedance essentially unchanged, as shown in Fig, 2, 
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Fic. 2 Definition of 7, and Vz. 


The reverse current (J,;) was measured at 18 v reverse bias on the 
junction being measured and no bias on the other junction. 
The @ is the de alpha measured at 1 ma emitter current and very nearly 
zero collector voltage. 


EXPERIMENTAL RESULTS 


Figs. 3 to 8 show how the junction breakdown voltage (Vz), junctio 
reverse current (J,), and a varied as a function of ambient, starting wi 
a measurement in dry air before the first vacuum bake. Between su 
cessive exposures to oxygen and water vapor the transistors were vacuum 
baked and measured in high vacuum at room temperature. 

Figs. 9 to 12 show how the median value of each parameter varied 
a function of water vapor pressure or oxygen pressure, starting from 
high vacuum after vacuum baking. 

From a vacuum-baked reference condition the effects of oxygen a 
water vapor may be summarized as indicated below. 


1) Oxygen 

a) On n-p-n alloy junction transistors 
1. Decreases the junction breakdown voltage (Vz). 
2. Decreases the reverse current (J,). 
3. Decreases «. 

b) On p-n-p alloy junction transistors 
1. Increases the junction breakdown voltage. 
2. Increases the reverse current. 
8. Increases a. 
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2) Water vapor 

a) On n-p-n alloy junction transistors 
1. Increases the junction breakdown voltage. 
2. Increases the reverse current. 
3. Increases «a. 

b) On p-n-p alloy junction transistors 
1. Decreases the junction breakdown voltage. 
2. Decreases the reverse current until rather high vapor pres- 


sure is reached, then rapidly increases the reverse current. 
3. Increases «. 
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Ilia. 3 Oxygen and water vapor effects on I, of n-p-n alloy junction transistors. 
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Fic. 6 Oxygen and water vapor effects on Vz of p-n-p alloy junction transistors. 
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Fig. 12 Effect of water vapor pressure on J, of n-p-n and p-n-p alloy junction 
transistors. 


Some of the important features of the data shown in the figures are 
written below. 


1) Vacuum baking produces a reference condition which can be re- 

established repeatedly after either oxygen of water vapor has pro- 

duced a maximum change. 

In general, the effects of water vapor and oxygen are counteracting, 

except that both substances cause an increase in @ of p-n-p tran- 

sistors. 

3) On n-p-n transistors the highest reverse currents after vacuum 
baking are depressed most by oxygen. 

4) The n-p-n junctions least sensitive to oxygen were actually the 

most sensitive to water vapor in regard to breakdown voltage. 

In both types of transistors water vapor produces a greater change 

in « and J, than does oxygen. 

Relative insensitivity of breakdown voltage to oxygen and water 

vapor does not necessarily mean that both « and J, are also insensi- 

tive. Other results indicate that the J, and « may be quite insensi- 

tive to water vapor and oxygen while the breakdown voltage can be 

strongly affected. 

7) The effect of oxygen on all three parameters of both types of tran- 

sistors definitely begins to be observable at a pressure of about 

10-2 mm Hg, which corresponds to the lowest measured quantity 

of pure oxygen admitted from a high vacuum condition. 

After cycling with water and oxygen, the initial values of Vz, I,, 

and «@ in dry air before the first vacuum bake can be very nearly 

regained by a combination of water and oxygen. 
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Additional observation on the effects of water vapor and oxygen is 
given as follows: 


1) In the presence of water vapor 
a) On n-p-n transistors 
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1. Forward bias causes a rapid increase of J, accompanied by 
an increase of « Both J, and a recede together upon re- 
moval of the forward bias. 

2. Reverse bias causes a much slower increase in J,. The change 
caused by the reverse bias slowly disappears upon removal 
of the reverse bias. 

b) On p-n-p transistors 

1. Reverse bias causes a rapid increase in J,. Initial values 
are regained at the same rate after removal of the bias. 

2. Forward bias causes no noticeable changes; however, when 
the characteristic is viewed by means of an ac sweep, as for 
example at 60 cps for scope presentation, the forward sweep 
greatly reduces the apparent rate at which J, increases dur- 
ing the reverse sweep. 


The vapor pressure at which these effects begin to occur varies con- 
siderably among transistors. Many show very marked effects at 4.5 
mm Hg vapor pressure of water when no oxygen is present. 


2) In the presence of oxygen: Similar changes in J, with bias are not 
observed. The breakdown voltage of n-p-n junctions fades to 
lower values with increase of applied voltage beyond the break- 
down voltage; however, the opposite effect on p-n-p transistors is 
not so consistently observed. 

3) Neither water vapor nor oxygen in the range of pressures used 
caused an observable change in junction capacitance, except that a 
possible slight increase in capacitance may have occurred on some 
of the p-n-p transistors in oxygen. (Capacitance was measured 
at 20 ke with 4.5 v reverse bias on the junction.) 


DISCUSSION OF EXPERIMENTAL RESULTS 


The two conditions not very well reproducible both involve water 
vapor effects: on the J, of p-n-p transistors, and on the Vz of n-p-n 
transistors. The lack of reproducibility in both cases to a large extent 
may be due to the fact that the effects are very critical in the range of 
high water vapor pressure. For the p-n-p, this is the vapor pressure 
range where water ceases to decrease the J, and starts to increase it rap- 
idly. This switch does not occur at exactly the same vapor pressure for 
all p-n-p junctions. A variation in room temperature of a degree or two 
could affect the results significantly. In the case of Vz increase on n-p-n, 
the effect also occurs in most cases at a rather high vapor pressure, and 
the amount of increase varies considerably, many junctions showing 
rather little increase, Sometimes the failure to observe Vy rise was due 
to the fact that the forward half of the ac sweep voltage with which 
Vi» is measured drove the saturation current to such high values that 
legitimate observation of Vy» was impossible at the high vapor pressures 
where the Vy enhancement might occur, Tt was found that if the for. 
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ward half of the sweep is blocked out by an external diode, good read- 
ings of Vz are possible in the high vapor pressure range. 


DISCUSSION OF MECHANISMS 


A possible explanation for the direction of shift of Vg may be made 
in terms of the avalanche breakdown phenomenon reported by McKay 
(Ref. 2). In this process the breakdown in the interior is a function of 
the integrated electric field across the space charge region and of the 
geometry of the junction. Since the width of the space-charge region, 
for a given geometry, is a function of the resistivity, the breakdown 
voltage can be related directly to the resistivity. For the kind of junc- 
tion in these transistors (Ref. 3), S. L. Miller (Ref. 4) has shown 
experimentally that the body breakdown voltage varies directly with 
p", where p is the base resistivity and n is about 34. The net Vz, then, 
is apparently determined by the lowest resistivity path from junction to 
base contact. Except in cases where base resistivity is purposely made 
very low, the Vz of these devices nearly always turns out to be much 
lower than the Vz expected from the resistivity of the bulk base mate- 
rial. One may say that the measured Vz of the junction is usually de- 
termined by breakdown occurring across the junction in the surface 
layers of semiconductor at lower voltage than for the body junction. If 
one makes a speculative extrapolation of the body behavior to the sur- 
face, one can conclude that the resistivity near the surface is lower than 
that of the interior, as depicted in Figs. 13(a) and 14(a). With this 
picture the effects of ambients can now be considered. 

Let us first examine the effects of oxygen on these transistors. Upon 
contact with the surface the molecular oxygen apparently dissociates into 
atomic oxygen, which then satisfies its usual hunger for extra electrons 
and thereby produces negative ions. In the preservation of net charge 
neutrality the material immediately under the ionized oxygen acquires 
a positive space charge, which causes its resistivity to shift toward p 
type. On the n-p-n this process drives the surface resistivity to still 
lower p type, as shown in Fig. 13(b), thus decreasing the measured Vz, 
In a similar manner on the p-n-p the oxygen ions on the surface of the 
base region also shift the surface resistivity toward p type but not far 
enough to cause inversion. The net result is simply an increase in the 
n-type surface resistivity as shown in Fig. 14(b), thus causing an in- 
crease in the measured Vz. 

The behavior of water is more difficult to understand. Apparently 
water acts in such a way as to produce the net effect of positive ions on 
the surface (Ref. 5). In a manner analogous to the oxygen behavior, 
these positive ions on the surface of the base region induce a negative 
space charge near the surface, thus causing the surface resistivity to 
shift in the direction of n type. On the n-p-n transistor Vy is increased 
because the shift of surface resistivity toward n type has stopped short 
of actual inversion and merely caused an increase of p-type resistivity, 
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Fia. 138 (a) Normal condition, neutral ambient (surface more p type than interior 
because net Vg < body breakdown), n-p-n transistors. (b) Oxygen 
ambient, no bias, n-p-n transistor. (c) Water vapor ambient, no bias, 
n-p-n transistor, (d) Water vapor ambient, reverse bias, n-p-n transistor. 
(e) Water vapor ambient, high vapor pressure, no bias, inversion layer 
on base region, n=pen transistor, 
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as shown in Fig. 13(c). On the p-n-p water vapor decreases Vz because 
the negative space charge induced by the positive ions on the surface 
causes the surface resistivity of the base region to shift to still lower n 
type, as shown in Fig. 14(c). 
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Fig. 14 (a) Normal condition, neutral ambient (surface more n type than interior 
because net Vg < body breakdown), p-n-p transistor. (b) Oxygen am- 
bient, no bias, p-n-p transistor. (c) Water vapor ambient, no bias, 
p-n-p transistor. 


This picture of Vg behavior would also explain how water, which at 
first enhances Vz on n-p-n transistors, eventually causes Vz to fall sud- 
denly to zero as the vapor pressure becomes very high. Such a sequence 
could happen as the surface layer, in shifting toward n type, first goes 
through high p-type resistivity until actual inversion takes place, where- 
upon the junction becomes shorted by an n-type bridge to the metal base 
contact. 

Now let us turn our attention to the behavior of IJ, and a If the 
effect of the ambient on these two parameters is due only to a change in 
surface recombination, then they should change in opposite directions, 
The only case in which such a combination of change occurs is that of 
water vapor on the p-n-p. To check this case quantitatively, a set of 
equations developed by Brattain and Garrett (Ref. 6) were used, These 
equations give both J, and « in terms of surface recombination for @ 
structure similar to that of the transistors used in this study, With 





Chapter 11: Desicn IMPLICATIONS OF SURFACE PHENOMENA 637 


the observed data of Figs. 11 and 12 the results show to within about 
10 per cent that the J, and « change can actually be accounted for in 
terms of surface recombination change alone. In all other cases, how- 
ever, « and J, change in the same direction, indicating that one or more 
other mechanisms are also acting. 

One method by which J, and @ could increase or decrease together 
would be by the formation or elimination of an inversion layer extend- 
ing from the junction part way over the base region, thereby changing 
the effective junction area. Such an inversion layer could conceivably 
be established with the aid of the bias voltage, as shown in Fig. 13(d) 
if, for example, the water vapor pressure were high enough. However, 
if the junction area is changed, the junction capacitance should be cor- 
respondingly changed, but measurements showed no observable change 
in capacitance for the range of water vapor pressures used in this study. 
A slight increase in capacitance may have occurred with oxygen on 
some p-n-p units, but such an increase, even if real and not due to 
measurement error, would correspond to such a small change in junction 
area that it could probably not account for the observed changes in I, 
and @. 

Thus, if the absence of capacitance changes are accepted as a true 
indication of the absence of inversion layers and if the behavior of J, and 
a cannot be accounted for in terms of changes in surface recombination, 
one must look for some other mechanisms. 

This limited qualitative discussion is not intended to be complete or 
very accurate at this stage. Study of these phenomena in order to lead 
to an understanding of the mechanisms is a subject well worthy of 
separate treatment and will not be pursued further in this article. It 
should be emphasized, however, that no claim is made here that inver- 
sion layers cannot be established by water vapor or oxygen. In fact, it 
seems quite logical that for certain kinds of surfaces a high enough con- 
centration of either of these ambients can indeed establish inversion 
layers, as depicted for water vapor in Fig. 13(e), and this possibility is 
borne out by observations of other workers for the case of water vapor. 
In this study, however, the effects observed on I,, a, and Vz start at very 
low pressures of oxygen and water vapor, and the changes caused in 
these parameters are quite appreciable before actual inversion layers are 
established. Voltage bias on the junctions apparently adds still further 
complication to the action of these ambients. 


PRACTICAL SIGNIFICANCE 


The practical significance of these water-oxygen effects lies in the 
behavior of these transistors under conditions of severe aging. Under 
nominally dry room ambient conditions, the counteracting effects of 
water and oxygen usually combine to yield very good transistor charac- 
teristics, Lf an attempt is made to capture and hold these characteristics 
by the standard type of room temperature hermetic sealing process, the 
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stability of the transistor characteristics may be satisfactory, provided 
the transistor is afterward never heated much above room temperature. 
However, if the transistor is held for appreciable periods at an elevated 
temperature, such as 85°C with or without voltage bias applied, the 
changes in critical device parameters may be considerable when meas- 
ured again at room temperature. These changes can usually be at- 
tributed to water vapor or oxygen driven off from the inside surfaces, 
thus upsetting the balance normally existing under nominally dry room 
ambient conditions. 

The best technique known at present for the removal and exclusion 
of water vapor and oxygen involves vacuum baking and vacuum-tight 
sealing, leaving the transistor either in vacuum or in a very pure atmos- 
phere of one of the various gases which do not affect it, such as nitro- 
gen (Ref. 7), hydrogen, or helium. (The latter two are good heat con- 
ductors.) Evacuation without heating has been found to be inadequate 
because the internal surfaces of a sealed device may later evolve both 
water and oxygen if during evacuation the whole assembly is not heated 
to a temperature much higher than that to which it is subsequently sub- 
jected after seal-off. Under such circumstances the hermetic seal may 
be more harmful than helpful because it prevents the excessive contami- 
nation from escaping. 

An argument can be made that vacuum baking makes the transistor 
surface extremely sensitive to either water or oxygen. Actually, the true 
sensitivity of the surface is probably unchanged, but removal of both 
water and oxygen causes an apparent increase in the sensitivity to either 
one of these substances because together, as normally observed under 
room ambient conditions, they counteract each other. An illusory re- 
duction in sensitivity can be restored by admitting to the surface a little 
of both, but such a measure also restores the unreliability. 

Although the best environment for n-p-n transistors is an absence of 
oxygen and water vapor, under certain conditions an atmosphere of 
oxygen may be desirable for p-n-p’s. For example, if the increase in J, 
is tolerable, the oxygen enhancement of Vg and a may be attractive, 
However, the long-term effects of oxygen in the absence of water vapor 
have not been evaluated. 

It is known that certain surface oxides actually do reduce the sensi- 
tivity of the transistor to water vapor and oxygen. The use of such 
oxides, if established in a consistent and controlled manner, would be 
highly desirable, provided that no adverse results, such as high J, or 
low Vz, would be produced on initial characteristics. Unless such oxides 
offer complete protection, however, the vacuum baking technique or its 
equivalent for final encapsulation will be necessary where good relia- 
bility is required; in fact it may always be necessary for good reliability 
as an extra safety factor, or particularly where the oxide does not cause 
complete insensitivity under all conditions and for long periods of time, 

The experience of several thousand hours of severe aging tests has 
shown that the gradual deterioration which is characteristic of transistors 
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hermetically sealed in the usual room temperature dry box environment 
can be essentially eliminated by the vacuum baking and sealing process 
in final encapsulation. Figs. 15(a), 15(b), and 15(c) show aging results 
for a typical batch of fifteen n-p-n transistors processed in this way and 
then held at 85°C with 28 v reverse bias on each junction, but inter- 
rupted long enough for room temperature measurements (Ref. 8). By 
contrast, Figs. 16(a), 16(b), and 16(c) show aging results for a group 
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of ten n-p-n transistors hermetically sealed in a dry room temperature 
environment, then held at 65°C with 28 v reverse bias and brought back 
to room temperature long enough for measurements. But these latter 
results may not necessarily be the same as from another group of such 
transistors. In other cases reverse currents may not come down again 
with time and may in fact go even higher. Likewise breakdown volt- 
age and alpha may change by different magnitudes. All of these fea- 
tures add to the unsatisfactory nature of the aging results from the 
transistors hermetically sealed in the ordinary dry room temperature 
environment and then subjected to aging at elevated temperatures. 
The remaining small fluctuations in the parameters of the vacuum-baked 
units are quite probably due largely to measurement error and other 
extraneous factors. 


CONCLUSION 


The major significant changes caused by water vapor and oxygen on 
vacuum-baked n-p-n and p-n-p germanium alloy junction transistors 


TABLE 1 





Oz H2O 


n-p-n | p-n-p | n-p-n | p-n-p 


can be qualitatively summarized in Table 1. The results are reversible 
and reproducible to a very good degree from the first cycle. 

Although these observations were made on freshly-etched transistors, 
other experiments show that the effects are essentially the same for units 
subjected initially to oxygen atmosphere at room temperature with volt- 
age sweep applied for as long as two weeks after final etching. 

For most transistors as normally made at present and then vacuum- 
baked, the effects of oxygen begin to be noticeable at pressures as low as 
10-2 mm Hg, while water vapor at a pressure corresponding to water 
held at 0°C (4.6 mm Hg) causes a marked effect on the parameters under 
observation (Vz, Jy, @). 

Excellent aging results have been obtained from those transistors 
from which oxygen and water vapor have been removed and excluded, 
Cases of departure from essentially flat aging on such units may be 
traced to imperfect removal and/or exclusion of oxygen and water, 
(Small leaks in the container can be a major source of trouble.) 
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The following conclusions may be drawn from these studies. 


1) In ordinary applications where the transistor will not be operated 
much above room temperature or where extreme stability of char- 
acteristics is not required, the dry room temperature hermetic seal- 
ing process for final encapsulation may be adequate. 

2) In severe applications requiring a high order of stability and re- 
liability while operating for prolonged periods at elevated tem- 
peratures, the vacuum-baking process, or its equivalent, is neces- 
sary for final encapsulation. 

a) In the case of the n-p-n, water vapor and oxygen must be 

eliminated and excluded, leaving the transistor either in vacuum 
or in a very pure atmosphere of one of the various gases which 
do not affect its characteristics. (Hydrogen or helium would 
be best from the standpoint of heat conductivity.) 
In the case of the p-n-p, similar processing and protection are 
necessary, particularly against water vapor, but if the increase 
in reverse current can be tolerated, an atmosphere of pure air 
or oxygen may be desirable because of the enhancement of « 
and breakdown voltage. However, the long-term effects of oxy- 
gen in the complete absence of water vapor have not been 
evaluated. 


b 


— 


The alternative to the foregoing procedures would be the develop- 
ment of a surface which would make these transistors completely and 
permanently insensitive to oxygen and water vapor under all conditions 
of operation. 

In general, we conclude that, except for the rare case of a sudden fail- 
ure, the originally expected stability and reliability of these transistors 
can indeed be realized, but only with a much higher order of surface 
clean-up and protection than was first believed necessary. 
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11E. SOME EXPERIMENTS ON, AND A THEORY OF, 
SURFACE BREAKDOWN * 


Cc. G. B. GARRETT AND W. H. BRATTAIN 
Experiments on surface breakdown at reverse-biased germanium n+p 
alloyed junctions are described, and the results related to a new model 
for surface breakdown that takes explicit account of semiconductor sur- 
face charge and fringing field. The experiments show (1) that surface 
breakdown, like body breakdown, is an avalanche process; (11) that mul- 
tiplication sets in first at a particular spot. The experiments serve also 
to confirm conclusions already reached from device experience: (1) that 
high breakdown voltage is promoted by that sign of surface charge which 
tends towards the formation of a “channel” over the material of the higher 
resistivity side, and low breakdown voltage by the opposite sign of sur- 
face charge; (ti) that the breakdown voltage 1s increased by surround- 
ing the material by a medium of high dielectric constant. The theory 
accounts for all these observations and leads, when the calculations are 
carried out for an equivalent one-dimensional structure, to a quantita- 
tive prediction of the relation between breakdown voltage, surface charge, 
resistivity, and the dielectric constant of the surrounding medium. The 
evidence for the validity of this relation is discussed briefly. 


1 INTRODUCTION 


One of the most serious effects associated with the surface in semi- 
conductor devices is that of surface breakdown. When the surface is not 
the controlling factor, it is known from the work of McKay and McAfee 
(Ref. 1) that breakdown of a reverse-biased p-n junction occurs some- 
where inside the structure, in the vicinity of the space-charge region, 
and is due to an avalanche process. In practice, many units are found 
to break down at a voltage lower than that for “body breakdown,” and, 
moreover, the breakdown voltage is sensitive to surface treatment. Such 
behavior is common both to silicon and to germanium diodes and tran- 
sistors. 

Device experiments (Ref. 2, 3) have established certain empirical 
rules concerning surface breakdown. Most of the experiments have been 
carried out on junctions for which one side is much more heavily doped 
than the other. This paper includes: (i) a description of experiments 
designed to show that surface breakdown, like body breakdown, is a 
multiplicative process, and therefore presumably proceeds by a similar 


avalanche mechanism; (ii) a qualitative survey of conditions governing 


* Originally published in J, Appl, Phys, Vol. 27, March 1956, 

The authors have had the pleasure of stimulating discussions with 8, L, Miller and 
K. G, MeKay, They are also indebted to J, J, Kleimack and A. J, Wahl, who sup. 
plied the experimental unite, and to A, A, Studna, who asalated in the measurements, 
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surface breakdown in one particular structure, serving to confirm the 
device experience; (iii) a simple theory of surface breakdown that pre- 
dicts qualitatively all of the observed effects. The model is as follows. 
When the surface of the high-resistivity side, in the vicinity of the junc- 
tion, is covered with fixed surface charge (traps or ions) of the same 
sign as the ionized body impurity, some of the lines of force originating 
in the low-resistivity material end on surface instead of body charges. 
Consideration of the space-charge equations shows that this results in 
a narrowing of the exhaustion region near the surface, which in turn 
gives rise to higher fields for a given reverse bias at the junction proper 
(the locus of discontinuity in body impurities). This effect is partially 
offset by the stray electric field in the surrounding medium, which uses 
up some of the surface charge in the termination of exterior lines of 
force. Depending on the amount of surface charge, and the dielectric 
constant of the surrounding medium, the condition for breakdown along 
a path near the surface may or may not be reached sooner than the con- 
dition for body breakdown. 


Conditions for avoiding surface breakdown are: (i) the surface charge 


should be of opposite sign to that of the fixed body impurity in the high- 
resistivity side; (ii) the unit should be surrounded by material of high 
dielectric constant (Ref. 4). Satisfaction of these two conditions may in 
practice give rise to other, undesirable, device properties, such as high 
I,o and enhanced long-time changes, so that careful investigation will be 
required to establish the best engineering compromise. 


2 EXPERIMENTS 


Investigation of multiplication effects at breakdown was carried out 
with a modification of the type of apparatus used by Goucher (Ref. 5) 
and later by Christensen (Ref. 6) for channel investigations. Fig. 1 
shows a sketch of the equipment. By careful attention to optics, a light 
spot of about 1-2 mil diameter is obtained and is focused on the unit, 
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The collected photocurrent is measured as a function of the position of 
the spot relative to the unit. Two-dimensional positioning is achieved 
by micromanipulators. The light is chopped at 40 cps and the signal 
detected by means of a lock-in tuned amplifier designed by H. R. Moore. 
Low over-all band width is necessary because of the high noise level in 
the breakdown region. 

The unit was an n-p-n alloyed germanium transistor, having a 15-mil 
lead-arsenic button on either side (Ref. 7). By connecting, alternately, 
to the top and bottom buttons, the breakdown characteristics of either 
could be studied at will. The base resistivity was about 3 ohm-cm. 

The procedure was as follows: With a sub-breakdown reverse bias, the 
photocurrent was measured, point by point, as a function of position 
in the xy-plane. This serves to check that the photocurrent is, ignoring 
the shadow cast by the lead to the bottom, a function only of the radial 
distance from the center of the button. The response at the edge of the 
button must correspond approximately to unit quantum efficiency, so 
that this experiment calibrates the system. 

The unit was then taken up to the breakdown region, located by 
watching for an increase in rectifier current of an order of magnitude 
or two. The plotting of photocurrent was then resumed. In practice, 
there were sometimes slow drifts in the breakdown characteristics, so 
that the measurements had to be taken as quickly as possible. It was 
noticed that the process of leaving the junction under reverse bias al- 
ways led to a decrease in current with time, i.e., an increase in break- 
down voltage. This is in agreement with device experience. 

Various ambients and surface treatments were tried, as described in 
the next section. 


3 EXPERIMENTAL RESULTS 


Figures 2 and 3 show typical data on the dependence of photocurrent 
on the position of the light spot, before and during breakdown. These 
experiments were carried out in room air; the breakdown experiment was 
carried out at 44 v reverse bias, with 100 wamp flowing, compared 
with a saturation current of about 1 pamp. (The valley going out at the 
far right-hand corner is the shadow of the wire leading to the button.) 
It will be noticed that, in Fig. 3, there is a local multiplying area, where 
the photocurrent is greater by a factor of about 3 than it was before 
breakdown. The area is not an exact point (i) because of the non-zero 
size of the light spot (ii) because of the non-zero sideways diffusion 
length. The distance between the spot and the center of the map is the 
radius of the lead button, so that the multiplying region must be very 
near the locus of intersection of the junction with the germanium surface. 

Various ambient gases were tried. Changing the gas altered the break- 
down voltage; but local multiplication always appeared at the same spot 
at breakdown, In dry oxygen the breakdown voltage for this unit was 
50; in wet nitrogen, about 70, This is in agreement with device experi- 
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Fig. 2 Photocurrent profile at 0 volt, in air. 
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Fic. 3 Photocurrent profile under breakdown conditions, 44 volta, in air, Sai 
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ence (Ref. 2), which has suggested that that ambient will raise break- 
down voltage which changes the surface potential in the direction of a 
channel over the high-resistivity material (Ref. 8). 

The site at which multiplication took place was not altered merely 
by changing the ambient. To see whether this site was a body or a sur- 
face feature, the unit was re-etched. On repeating the measurements, it 
was found that the multiplying area had shifted about 120° round the 
button, but was still the same distance from the center. 
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Fie. 4 Photocurrent profile with surface covered with castor oil, 42.5 volts 
reverse bias (pre-breakdown). Same scale as Fig. 2. 


It was noted that significant changes in breakdown voltage were oc- 
curring without the appearance or disappearance of a plateau in the pre- 
breakdown response corresponding to a “channel.” In order to obtain a 
“channel,” the unit was covered, on the advice of S. L. Miller, with castor 
oil. Miller has observed that poorly conducting liquids of high dielectric 
constant stimulate channel formation and at the same time increase 
breakdown voltage. After applying the oil, it was indeed found that, 
in the prebreakdown region, the button was surrounded by a very 
considerable region of flat photoresponse. This and the picture during 
breakdown are shown in Figs. 4 and 5. The multiplying region has 
now moved out from the junction proper, and its angular position is 
different from what it was before application of the oil, Here one sees 
that the breakdown is taking place between the base region and the 
“channel” rather than directly to the regrown region, Why the unit 
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prefers to do this is something of a mystery, in view of the high skin 
resistance of channels (Ref. 9, 10,11). Possibly there is here some kind 
of body nonuniformity. 

The breakdown voltage in this experiment, carried out on the same 
unit as that used for Figs. 2 and 3, was 112 v—considerably higher than 
in any gas ambient used, and quite close to the body breakdown voltage 
for material of this resistivity (~130 v) 
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Fig. 5 Photocurrent profile with surface covered with castor oil, 112 volts 1O= 
verse bias (breakdown). Same scale as Fig. 2. 


The experiments were carried out on 3 units (6 junctions) ; in every. 
case there was at least one region of local high multiplication at break« 
down. Sometimes there were two. The spots were always (except in 
the above experiment) close to the edge of the button, and there was & 
random distribution in angle. The units were investigated under & 
metallurgical microscope in the hope that some surface features (dust, 


etch-pits, etc.) might coincide with the region of multiplication, but 
nothing significant could be seen. 


4 GENERAL REMARKS ON SURFACE BREAKDOWN 


Strictly speaking, the above results have not shown entirely un 
biguously that surface breakdown is multiplicative; only that there is 
region at which multiplication is found, when, and only when, bre 
down has set in, One difficulty is that the amount of multiplication ( 
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most a factor of five in these experiments) seems hardly large enough 
to account for a general increase in the rectifier current of several orders 
of magnitude. McKay (Ref. 12) has pointed out that there is a similar, 
but less severe, difficulty in the experiments on body breakdown. He 
has also suggested that the discrepancy may arise from the minuteness 
of the volume (perhaps 1 » cube) within which avalanching is believed 
to occur. 

Nevertheless we believe that the experiments give reasonable evidence 
that surface breakdown, like body breakdown, is an avalanche phenome- 
non. Miller (Ref. 3), from a careful investigation of transistor char- 
acteristics, has reached a similar conclusion. 

To explore the mechanism for avalanching in the vicinity of the 
surface, one needs to know something of the distribution of electrostatic 
potential in this region. An exact analysis of this problem appears to 
be out of the question at the present time, because of the complicated 
geometry. In the next section we shall present a one-dimensional 
analysis, which is adequate to cover the main features of the breakdown 
process. First, however, as a guide to what assumptions to make, let 
us make some qualitative observations about the field distribution in the 
two-dimensional problem. 

First we make the remark, to be justified in Appendix II of this paper, 
that, in dealing with step junctions, on the high-resistivity side of which the 
density p of body impurities is fixed, McKay’s condition for breakdown 


( i a; dx = 1) reduces to the statement that, when the field at some point 


reached some critical value, a function of the (a, #) curve and of p, break- 
down can occur. The reason for this is that, since a increases so fast with 
field, the only regions that contribute significantly to the multiplication 
integral are those very close to the junction itself, and the exact field con- 
figuration in the remoter parts of the space-charge region has no influence 
on the breakdown condition. 

Consider next Poisson’s equation, V-E = 42p/eeo, where « is the dielec- 
tric constant of the semiconductor. For our purposes, this equation is most 
conveniently rewritten: 


V-E = 25/B2? (1) 


where £ = [eeo/2rn,eB]” the Debye length for the semiconductor (Ref. 11); 
B = e/kT, and p = p/en:, where n; is the density of holes or electrons in 
intrinsic material. Take axes x perpendicular to the bulk junction and 
y perpendicular to the surface (see Fig. 6); then 


OL, OE, 
—: . 2 
at oy (2) 


VE= 





Consider now two points in the exhaustion region on the high-resistivity 
side, point 1 being deep inside, and point 2 near the surface, At point 1, 
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(d£,/dy) = 0, so that: 
OE, dE, OE, 
+—) = (3) 
0x /o Oy /2 Ox /y 


from equation (1); and (dH,/dxz); is positive or negative, depending on 
whether the bulk material is n type or p type. Now suppose that the sur- 
face is covered with fixed charges, which may be positive or negative. In 
the latter case, (0H,/dy)2 will be positive, since E, will be large and di- 
rected outwards just under the surface, decreasing as one proceeds away 
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Fig. 6 Diagram showing z- and y-axes and fields existing under various conditions, 


from the surface; while in the former case it will be negative. This tells us 
whether | (dH,/dx)2| is greater or less than | (dH,/dx),|, as summarized in 
Table 1, where “>” means |(d#,/dx)2| >| (@H,/dz),|, and ““<” means 
the opposite. 

Now in those cases where | (0H,/dx)| is greater near the surface than in 
the interior, it is plausible that E, at the junction will be greater near the 
surface than inside (see Fig. 6), since, in order to accommodate the same 
drop in potential, the space-charge region must be narrower. From this 
pictorial argument one may begin to sketch the shapes of the exhaustion 
region under the various conditions, and guess the layout of the lines of 
force (Fig. 7). The pictures are drawn for n-type semiconductor; it will 
be seen that the exhaustion region near the surface is expected to be wider 
than inside when the surface charge is negative; narrower when positive, 


TABLE 1 HIGH-RESISTIVITY SIDE 


Sign of 
Charge on 
Surface P n 
+ < > 
- > < 
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Of course, when the negative charge is large enough, the exhaustion region 
may turn the corner and extend right along, and some way beneath, the 
exposed surface, being separated from it by a hole-rich surface layer that 
is often called a ‘“‘channel.’”” Note, however, that the variations in poten- 


(a) 





(lo 





(c) 





Fie. 7 Distribution of charge and lines of force with various values for surface 
charge density c. (a) o positive, (b) o small and negative, (c) ¢ large and 
negative. Key: + and — : fixed charges; —: electrons +: holes. (The 
surface charge over the neutral regions is omitted.) 


tial distribution will be expected to be significant, from the point of view of 
breakdown, for much more modest surface changes than are required to 
give a “channel.” 

Our particular interest is in the case of a surface charge tending to 
give a “super” surface layer or “antichannel,” since one is particularly 
concerned with the case that breakdown along a path near the surface 
occurs more easily than in the body; ie, when the exhaustion region 
aes the surface is narrower, and the peak fleld greater, than in the 

y. 
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This is not the whole story. One factor we have omitted is the stray 
field outside the semiconductor. By analogy with the case of a parallel- 
plate capacitor, one expects this to lower the fields near the edge. Un- 
fortunately the methods which have proved useful in this problem (Ref. 
13) are not applicable here. Pending the solution of the two-dimensional 
problem, we present in the next section a simple one-dimensional solution 
that takes all these factors into account. 


5 ONE-DIMENSIONAL, THEORY OF SURFACE BREAKDOWN 


Consider the structure shown in Fig. 8. We consider a very thin sec- 
tion of n-type semiconductor, to one side of which is made a rectifying 


DIELECTRIC 


CHARGE 
DENSITY : 9 


SURFACE 
CHARGE 
DENSITY : 7 


METAL PLATE 





POTENTIAL 


Fig. 8 Simulated one-dimensional geometry for calculation of surface breakdown 
voltage. 


(p+ )-contact, while the other is exposed to an electric field arising from 
the difference in potential between that surface and a metal plate, con- 
nected electrically to the p+ material. Suppose that the thickness of 
the semiconductor and the separation from the metal plate are equal, and 
call each distance t. The structure described is intended to be a oné+ 
dimensional reduction of the state of affairs along the filamentary cylin« 
der AA’ in Fig. 7, in which the termination A’ is exposed both to th 
field inside and to the field outside the semiconductor, and the distane 
along lines of force, between A’ and the conductor will be about the sa 
via both routes, Further, suppose that a reverse bias be applied to 

junction, described by a (positive) quantity V, the battery voltage 
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measured in units 8-1. Let: 


v = BY — Yo) (4) 


where Yo is the equilibrium electrostatic potential and y the potential at 
any point. To make the problem approximate to that pertaining to AA’ 
in Fig. 7, we set 


Vv; = 0, Wo =-V (5) 


since the applied voltage is equal to the difference in quasi-Fermi levels, 
which (within a few times 8~') is equal to W) — VW; From equation (1), 
we have the following equation to be satisfied by W in the range of x(0,t): 


PY /dx? = —25/8? (6) 


where we shall assume 6 = fixed space charge, and take it to be positive 
(n-type semiconductor). 

We now turn to consider the field boundary condition x = ¢. The ques- 
tion of electrostatic boundary conditions at a semiconductor surface is 
discussed in Appendix I of this paper. One has: 


Dout as Din = 4ro (7) 


where o is the surface charge density (not including polarization effects). 
We are interested in the case s > 0. Further we have 


Eout Pat (v: — Wo)/tB 
Ein = —8(dW/dz):. 
If we combine the boundary conditions (5), (7), and (8) with equation 
(6), we find we have one condition too many. The point is that ¢ cannot 
be chosen arbitrarily, but is itself fixed by the boundary conditions. Phys- 


ically this means that the length of the path AA’ in Fig. 7 is a function of 
surface and volume charges and applied bias. The solution is 


(8) 


Bp K [2¢ it 
v= ——(t-2)? eol--Gl at?/£? — V 9 
oe! yt eile ra ae pty. (9) 
with 
t = —6£/p + [2°2?/a? + (K — 1)£°V/Kg]”* (10) 
where we have introduced two new quantities: 
6 = o/en:£; K=e/é (11) 


where ¢ stands for the dielectric constant of the semiconductor, and e’ is 
that of the surrounding medium. Note that ¢ is a dimensionless ratio of 
the actual surface charge density to the characteristic surface charge den- 
sity eni&, " 

Before proceeding further, we must investigate the validity of our as- 
sumption 4 = constant, Evidently this will be good so long as, in our 
solution, V is everywhere «& = 1 (Ref, 11), It may be cheeked from equa. 
tion (9) that for @ > A(/2KL there ia no maximum for ¥ in the range of 
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x(0,t). Since ¥; = 0, the absence of a maximum implies that W is every- 
where negative; and since, if it is negative at all, it will usually be « —1, 
it follows that the assumption 6 = constant is good under the conditions 
stated. To investigate the effect of ¢ on surface breakdown, we compare 
(d¥v/dzx)o for a given ¢ with that at a bulk junction, since, as shown in Ap- 
pendix II, avalanche breakdown will occur whenever some specified field is 
reached at x = 0. Let V; be the reverse bias (measured in units of kT’/e) 
at which body breakdown occurs, and let V2 be the reverse bias required 
to give the same value of (d¥/dz)o for some ¢ in the geometry of Fig. 8. 
Then, after some algebra, one finds from equations (9) and (10): 


Yo, 48 4 (: a 
Bt saea tl eae ere atic ee a OS 
Vi (2K + 1)? V1 2K 

for ¢ > (6V1)4/2K. 

Notice that the decrease in breakdown voltage for a given ¢ is reduced 
by lowering K, i.e., surrounding the unit with material of high dielectrie 
constant. This explains why, experimentally, liquids of high dielectric 
constant, such as castor oil, appear to discourage surface breakdown. (See 
Sec. 3.) 

Curves showing breakdown voltage as a function of ¢/(6V)” and of K 
are shown in Fig. 9. While no quantitative experiments are available to 
check this, certain conclusions may be drawn: 

1) The effect of covering the surface of the high-resistivity side with 
a surface charge tending in the direction of an “antichannel” is qualita- 
tively as observed. 





(12) 


1.0 





0.8 











0.2 




















(AV) 


Fie. 9 Calculated values of the ratio of surface breakdown voltage plotted agai 
surface charge density, for various values of K. 


2) One has the feeling that, although the general trend of Fig, 9 is 
observed, actual surface breakdowns are somewhat lower. It is 
pected from Fig, 9, for example, that @ = O is sufficient to ensure 
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breakdown, whereas usually one has to work pretty hard—even to the 
extent of making ¢ sufficiently negative to give a “channel”—before 
body breakdown is reached. Possibly this is due to the fact that local 
irregularities will always tend to promote breakdown at one particular 
spot (Ref. 14). Without knowing more of the microscopic irregularities 
actually occurring, it is hard to predict how this would affect Fig. 9. 

3) So far we have maintained a discreet silence on the origin of the 
surface charge. On germanium, it is known (Ref. 8, 11, 15) that one 
can distinguish between “slow” surface states, which are believed to be 
primarily chemical in nature, and “fast” states, tentatively identified 
with traps. Since, on an etched germanium surface, the density of sur- 
face traps is quite low, and since most of them are probably neutral at 
any one time, it is most likely that the surface charge that controls 
surface breakdown is chemical in origin. On silicon the situation is not 
yet as well known. If surface traps are more numerous, or nearer the 
center of the band, one could understand the result reported incidentally 
by Nelson (Ref. 16) to the effect that sodium dichromate, which lowers 
surface recombination velocity and gives a p+-type surface on silicon, 
increases the breakdown voltage of silicon n+p junctions. 


6 CONCLUSIONS 


This paper has presented an account of experiments on surface break- 
down of n+p-germanium junctions, the results of which, together with 
extensive device experience in this field, are intelligible in terms of a 
one-dimensional theory of surface breakdown based on the avalanche 
mechanism. 


APPENDIX I ELECTROSTATIC BOUNDARY CONDITIONS 


The purpose of this section is to remind the reader that the usual 
Poisson analysis of the potential arising from a given distribution of 
volume charge, surface charge, and polarizable material is just as ap- 
plicable to a semiconductor as to anything else, and that there is no rea- 
son to suspect that the dielectric constant will have anything different 
from its bulk value in the surface and interface regions we have con- 
sidered. The potential at any point may be written: 


w= fffrr (ars lifes [fees os 


where P is the polarization vector, and V, means the gradient with respect 
to motion of the “source” rather than the point at which is being caleu- 
lated. p and o@ are actual body and surface charges, arising quite inde- 
pendently of the polarigable nature of the medium, 
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Transforming by Green’s theorem, one has: 


offen fats ww 


where || is the surface operator corresponding to V (Ref. 17), so that 
|| P = n-(Pout — Pin). The dielectric constant ¢ and the displacement are 
introduced by the equations: 


D €oE + 4nP 
e = D/Ee . 


(15) 


Now the coefficient of dr/r in the volume integral in equation (14) must 
be «9 V- E/4z, while the coefficient of dS/r in the surface integral is ¢o|| -E/47. 
Thus, using (15) we have, 

V-D = 4p 


||-D = 4x0 


independently of any assumptions concerning the distribution of p or ¢. 
It is important to note that we do not need to include ||-P with the surface 
charge appearing in the boundary conditions [equation (7)] in the text; 
||-P is absorbed in «. Further, we do not need to seek, physically, for any 
extra holes or electrons to give rise to ||-P. The dielectric constant is 
largely a matter of polarization of the lattice, and what is left over from 
the last dipole is ||-P. Now it is possible that ¢ will not have its bulk value 
for the first two or three atom layers; but there seems little question but 
that ¢ will be uniform throughout almost the whole of the distances si 
nificant in the calculation in the text, irrespective of the values of p and 


APPENDIX II PEAK FIELD AT MULTIPLICATIVE 
BREAKDOWN 


It may seem heresy to reintroduce the idea of a critical breakdow 
field, since it is now well established that breakdown in silicon @ 
germanium diodies is an avalanche, rather than a Zener, phenomen 
Nevertheless the notion is formally correct so long as one allows t 
critical breakdown field to be a function of the distribution of impuriti 
near the plane of maximum field-strength. As we shall show in a speci 
case, the breakdown condition is unaffected by the distribution of im 
purities—and so by the field configuration—elsewhere. 

It is a fair approximation to Miller’s (Ref. 3) and McKay’s (Ref, 1 
measurements of a to write: 


a= ae” /Bo ( 


where ay ~ 10?/cm and Ey ~ 5 X 10‘ volts/em, The exact form does fh 
matter: the point is that @ increases very sharply with 7. 
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Consider now a step junction, and define x such that x < 0 is the low- 
resistivity side of the junction and x > 0 the high-resistivity side. For 
x > 0 one may write: 

E = Emax — 2p2/£78. (17) 


Assume that, for x < 0, the resistivity is so low that, to a sufficient ap- 
proximation, H = 0 right up to x = 0. Substitute (17) into (16), and 
insert the resulting expression into the multiplication integral, with limits 
x =Oandz=w. Setting the result equal to unity, one obtains, for the 
breakdown condition: 


e*max!ol] — exp (—2pw/BL*Eo)] = 2/ABL* Loa. (18) 


Now, for uniform 4 and an unlimited space-charge region (as in the 
ordinary, body-breakdown, geometry), w = B&?Emax/24. Thus: 


eM max!%o = 26/BL? Epa + 1 (19) 


where the 1 on the right-hand side comes from the limit z = w of the multi- 
plication integral. Inserting 6 = 39 volts~'!, £ = 1.5 X 10~* cm, Ey = 
5 X 10* volts/em, and ap = 10? em, being the values appropriate for 
germanium at room temperature, 


oF max/Eo ~ 0.56 +4 1. (20) 


Now, for material that is not too near intrinsic 6 > 1, so that the con- 
tribution from the limit x = w is insignificant. This means that, so long 
as f is fixed in the vicinity of x = 0, the field strength Eyax specifying 
breakdown is insensitive to the distribution of 6 in the remoter parts of the 
space-charge region, and, in the case of the surface breakdown problem, 
to the exact length of the breakdown path. 


APPENDIX III RELATION BETWEEN SURFACE BREAK- 
DOWN AND BODY RESISTIVITY 


The theory given in Sec. 5 of this paper predicts values of surface 
breakdown voltage in terms of the body breakdown voltage V;, the ratio 
of dielectric constants K, and the volume and surface charge densities p 
and g[equation (12)]. If o were measurable, this equation could be 
checked experimentally. Unfortunately o cannot be measured or varied 
in a known way, and may itself be a function of the applied voltage, in 
the case that ions are free to drift across the junction in the high fields 
existing there. The only measurements available for comparison with 
the theory are those of Kleimack and Wahl (Ref. 2) on the dependence 
of surface breakdown voltage of n+p junctions on the body resistivity of 
the p side, for samples all prepared in the same way, and measured in a 
standard ambient, consisting either of room air or nitrogen at 75 per 
cent relative humidity, 
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For K > 1, equation (12) becomes: 

7 R lorb 
Vesurface = Vooay To 

BR:1+6 
where Veurtace and Vpoay are measured in volts; ® is the body resistivity, 
RQ; the resistivity for intrinsic material and the numerator of the correction 
term is I for p-type material, and b (the ratio of electron to hole mobility) 
for n type. The above equation holds only for one sign of ¢: ¢ > 0 for pin 
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Fig. 10 Comparison of observed and calculated values of surface breakdown a8 


oe of body resistivity, in two ambients. (A chosen to give best 


junctions, ¢ < 0 for n*p junctions. Now, in a humid environment, one 
expects the surface of p-type semiconductor to be tending in the inversion 
layer direction (¢ > 0), although Kleimack and Wahl found no indication 
of a “channel” by capacitance measurements on their n*p junctions, If 
this were so, and if there were no nonuniformities, it is difficult to see how 
the diode breakdown voltage could ever have been less than body break+ 
down. In spite of this, we shall discuss Kleimack and Wahl’s results on 
the basis of ¢ < 0; possibly there are local regions (such as those found in 
our experiments) where ¢ < 0, even though the average value of @ is posl- 
tive. Further, we shall assume that é is a constant of the chemical treat- 
ment and ambient, independent of the bulk resistivity: this seoma to be 
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the simplest assumption, and has the merit of giving reasonable agreement 
with experiment (Fig. 10). The curves are labeled, not by ¢, but by the 
quantity A, related to ¢ by the equation ¢ = e’*4, The meaning of A is 
this: if the same surface charge density ¢ were present on the surface in 
thermodynamic equilibrium, then A = B(¢ — ys), ¢ being the equilibrium 
Fermi level and y, the electrostatic potential at the surface (Ref. 11). The 
values of A needed to fit Kleimack and Wahl’s curves are rather large and 
would correspond, in thermodynamic equilibrium, to the state of affairs in 
which the bands are bent until the edge of the valence band at the surface 
comes to within a few times (k7'/e) of the Fermi level. In view of the 
many uncertainties involved, not too much significance can be attached to 
this conclusion. 
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Appendix I 


IRE STANDARDS ON ELECTRON DEVICES: 
DEFINITIONS OF SEMICONDUCTOR 
TERMS, 1954 * 


Acceptor (in a semiconductor)—See I mpurity, acceptor. 

Barrier (in a semiconductor; obsolete)—See Depletion layer. 

Base electrode (of a transistor)—An ohmic or majority carrier contact to the base 
region. 

Base region—The interelectrode region of a transistor into which minority carriers 
are injected. 

Boundary, p-n—A surface in the transition region between p-type and n-type 
material at which the donor and acceptor concentrations are equal. 

Carrier—In a semiconductor, a mobile conduction electron or hole. 

Collector (of a transistor)—An electrode through which a primary flow of carriers 
leaves the interelectrode region. 

Conduction band—A range of states in the energy spectrum of a solid in which 
electrons can move freely. 

Conductivity modulation (of a semiconductor)—The variation of the conductivity of 
a semiconductor by variation of the charge carrier density. 

Conductivity, n-type—The conductivity associated with conduction electrons in a 
semiconductor. 

Conductivity, p-type—The conductivity associated with holes in a semiconductor. 

Contact, high recombination rate—A semiconductor-semiconductor or metal-semi- 
conductor contact at which thermal equilibrium carrier densities are maintained 
substantially independent of current density. 

Contact, majority carrier (to a semiconductor)—An electrical contact across which 
the ratio of majority carrier current to applied voltage is substantially independent 
of the polarity of the voltage while the ratio of minority carrier current to applied 
voltage is not independent of the polarity of the voltage. 

Crystal pulling—A method of crystal growing in which the developing crystal is 
gradually withdrawn from a melt. , 

Depletion layer (in a semiconductor)—A region in which the mobile carrier charge 
density is insufficient to neutralize the net fixed charge density of donors and 
acceptors. 

Diffusion constant (in a homogeneous semiconductor)—The quotient of diffusion 
current density by the charge carrier concentration gradient. It is equal to the 
product of the drift mobility and the average thermal energy per unit charge of 


carreurs, 
Diffusion length—In a homogeneous semiconductor, the average distance to which 
minority carriers diffuse between generation and recombination, 


tt RSI ER RN aS 
* Originally published in Proe, JM, Vol, 42, Oot, 1064, 
ol 

















662 
AppENDIx I 


Diode, semiconductor—A two-electrode , \ i 
semiconductor i 
voltage-current characteristic. ii ial aaa aia 


esd (in a semiconductor)—See Impurity, donor 
oping—Addition of impurities to a semiconductor i 
ddi , es or production of a deviati 
. so a eee to achieve a desired characteristic ne ae 
compensation—Addition of donor impurities to a p-t icon 
one Mis to an n-type semiconductor. Se ee ae 
ift mobility (in a homogeneous semiconductor)—The av i i 
erage drift velocity of 
carriers per unit elect: : iliti ia 
ee ibe ahd ctric field. Nore: In general, the mobilities of electrons and 
Electrode (of a semiconductor device)—An 
f veo —An element that performs one or 
functions of emitting or collecting electrons or holes, or of controlling their S “a 
aoe by an electric field. “a 
ectrons, conduction—The electrons in the conducti i 
ton band of i 
a ee under the influence of an electric field. ae 
ement (of a semiconductor device)—Any inte: \ i 
that ere ene y gral part of the semiconductor device 
ae cre majority and Emitter, minority. 
mitter, majority (of a transistor)—An electrode from whi 
- enters the interelectrode region. a iaaa 
mitter, minority (of a transistor)—An electrode from whi 
: enters the interelectrode region. ee 
nergy gap (of a semiconductor)—The energy range b 
és Shiu band and the top of the mileiee beer eee ee ee 
xtrinsic properties (of a semiconductor)—The i i 
$ r of ” properties of 
. mee ciglstoica or imperfections within he crystal * Sei 
‘ermt level—The value of the’ elect; i i distributi 
: a cng are ron energy at which the Fermi distribution 
orming, electrical (applied to semiconductor devices)—Pr. i 
( ton —Process of applying electri 
energy to a semiconductor device in order to modify Secianentl pes clectal 
characteristics. : — 
Generation rate (in a semiconductor)—The ti i 
— ime rate of creation of electron-hole pai 
Hall constant (of an electri — ionality R in the 
mothe (of an electrical conductor) The constant of proportionality R in the 
E, = R J X H, where 
E;, = transverse electric field (Hall field) 
J = current density 
H = magnetic field 


ow of majority carriers 


ow of minority carriers 


Note: The si f ort rrier i i 
sty ign of the majority ca can be inferred from the sign of the Hall 
Hole—A mobile vacancy in the electronic 
: cy valence structure of i 
- which acts like a positive electronic charge with a positive nae mone 
nner aNd a crystalline solid)—Any deviation in structure from that of an 
eal crystal. Nore: An ideal crystal is perfectly periodic in structure and 
tains no foreign atoms. “_ 


Impurtt \ ‘ : : ; a 
Pai nea (in a semiconductor)—An impurity which may induce hole 
Impurity (chemical)—An atom within a ¢ ich | + 
. : tal which is foreign to th 
Impurity, don . ee s gn to the crystal, 
euia cil) (in a semiconductor)—An impurity which may induce elec 


Impurity, stoichiometric—A talli 
stoichiometric omapealiichd ine imperfection arising from » deviation & 
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Intrinsic properties (of a semiconductor)—The properties Of a semiconductor which 
are characteristic of the pure, ideal crystal. 

Intrinsic temperature range (in a semiconductor)—The temperature range in which 
the electrical properties of a semiconductor are essentially not modified by 
impurities or imperfections within the crystal. 

Junction (in a semiconductor device)—A region of transition between semiconducting 
regions of different electrical properties. 

Junction, alloy (in a semiconductor)—A junction formed by alloying one or more 
impurities to a semiconductor crystal. 

Junction, collector (of a semiconductor device)—A junction normally biased in the 
high-resistance direction, the current through which can be controlled by the 
introduction of minority carriers. 

Junction, emitter (of a semiconductor device)—A junction normally biased in the 
low-resistance direction to inject minority carriers into an interelectrode region. 

Junction, fused (in a semiconductor)—A junction formed by recrystallization on a 
base crystal from a liquid phase of one or more components and the semicon- 
ductor. 

Junction, n-n (in a semiconductor)—A region of transition between two regions 
having different properties in n-type semiconducting material. 

Junction, p-n (in a semiconductor)—A region of transition between p- and n-type 
semiconducting material. 

Junction, p-p (in a semiconductor)—A region of transition between two regions 
having different properties in p-type semiconducting material. 

Junetion (semiconductor), diffused—A junction which has been formed by the 
diffusion of an impurity within a semiconductor crystal. 

Junction (semiconductor), doped—A junction produced by the addition of an impurity 
to the melt during crystal growth. 

Junction (semiconductor), grown—A junction produced during growth of a crystal 
from a melt. 

Junction (semiconductor), rate-grown—A grown junction produced by varying the 
rate of crystal growth. 

Lifetime, volume—The average time interval between the generation and recom- 
bination of minority carriers in a homogeneous semiconductor. 

Majority carrier (in a semiconductor)—The type of carrier constituting more than 
half of the total number of carriers. 

Minority carrier (in a semiconductor )—The type of carrver constituting less than half 
of the total number of carriers. 

Mobility—See Drift mobility. 

Mobility, Hall (of an electrical conductor)—The quantity ux in the relation wy = Ro, 
where R = Hall constant and o = conductivity. 

Ohmic contact—A contact between two materials, possessing the property that 
the potential difference across it is proportional to the current passing through. 

Photovaristor—A. varistor in which the current-voltage relation may be modified 
by illumination, e.g., cadmium sulphide or lead telluride. 

Point contact—Pressure contact between a semiconductor body and a metallic 
point, 

Primary flow (of carriers)—A current flow which is responsible for the major prop- 
erties of the device. 

Recombination rate, surface—The time rate at which free electrons and holes re- 
combine at the surface of a semiconductor, 

Recombination rate, volume—The time rate at which free electrons and holes re- 
combine within the volume of a semiconductor, 

Recombination velocity (on a semiconductor aurface)—Tho quotient of the normal 
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component of the electron (hole) current density at the surface by the excess 
electron (hole) charge density at the surface. 

Semiconductor—An electronic conductor, with resistivity in the range between 
metals and insulators, in which the electrical charge carrier concentration in- 
creases with increasing temperature over some temperature range. Certain 
semiconductors possess two types of carriers, namely, negative electrons and 
positive holes. 

Semiconductor, compensated—A semiconductor in which one type of impurity or 
imperfection (e.g., donor) partially cancels the electrical effects of the other type 
of impurity or imperfection (e.g., acceptor). 

Semiconductor device—An electron device in which the characteristic distinguishing 
electronic conduction takes place within a semiconductor. 

Semiconductor device, multiple unit—A semiconductor device having two or more 
sets of electrodes associated with independent carrier streams. Norm: It is im- 
plied that the device has two or more output functions which are independently 
derived from separate inputs, e.g., a duo-triode transistor. 

Semiconductor device, single unit—A semiconductor device having one set of elec- 
trodes associated with a single carrier stream. Nore: It is implied that the device 
has a single output function related to a single input. 

Semiconductor, extrinsic—A semiconductor with electrical properties dependent 
upon impurities. 

Semiconductor, intrinsic—A semiconductor whose electrical properties are essen- 
tially characteristic of the pure, ideal crystal. 

Semiconductor, n-type—An extrinsic semiconductor in which the conduction electron 
density exceeds the hole density. Norm: It is implied that the net ionized im- 
purity concentration is donor type. 

Semiconductor, p-type—An eztrin.sic semiconductor in which the hole density exceeds 
the conduction electron density. Norte: It is implied that the net ionized impurity 
concentration is acceptor type 

Space charge region (pertaining to semiconductor)—A region in which the net charge 
density is significantly different from zero. See also Depletion layer. 

Thermistor—An electron device which makes use of the change of resistivity of a 
semiconductor with change in temperature. 

Transistor—An active semiconductor device with three or more electrodes. 

Transistor, conductivity modulation—A transistor in which the active properties are 
derived from minority carrier modulation of the bulk resistivity of a semicon« 
ductor. 

Transistor, filamentary—A conductivity modulation transistor with a length much 
greater than its transverse dimensions. 

Transistor, junction—A transistor having a base electrode and two or more junction 
electrodes. 

Transistor, point-contact—A transistor having a base electrode and two or more 
point-contact electrodes. 

Transistor, point-junction—A transistor having a base electrode and both point. 
contact and junction electrodes. 

Transistor, unipolar—A transistor which utilizes charge carriers of only one polarity, 

Transition region—The region, between two homogeneous semiconductor regions, 
in which the impurity concentration changes. 

Valence band—The range of energy states in the spectrum of a solid crystal in w 
lie the energies of the valence electrons which bind the crystal together, 
Varistor—A two-electrode semiconductor device having a voltage-dependent 

linear resistance, 
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int L ing)— f one or more 

leveli’ taining to semiconductor processing)—The passage 0! mare 

ee ne a semiconductor body for the purpose of uniformly distri 
buting impurities throughout the material. : 

Zone ba fealion (pertaining to semiconductor processing)—The passage eae 

more molten zones along a semiconductor for the purpose of reducing the 1m 

purity concentration of part of the ingot. 
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IRE STANDARDS ON LETTER SYMBOLS 
FOR SEMICONDUCTOR DEVICES, 1956 * 


INTRODUCTION 


These Standards are supplementary to the IRE Standards on ati 
Graphical Symbols, Letter Symbols, and Mathematical Signs—1948, Soation Ta 
usage conforms to Section 101, General Principles of Letter Symbol Standardization 
This Standard provides a uniform system of letter symbols for electrical quantities 
and parameters as applied to semiconductor devices in the same way that Section 


102 provides symbols for electron tubes. The Stand ais 2 
three sections: ndard has been divided into 


(1) Electrical quantities, dealing primarily with volta, . 
quantities. , y ge, current, and time 


(2) Electrical parameters, dealing with the relationship bet i 
trical quantities. p between spe 


(3) List of letter symbols in alphabetical order. 


Electrical quantities at the device terminals are defined in Section 1. The elec- 
trical parameters of Section 2 are ratios of the terminal electrical quantities; i.e, 
they are two terminal-pair open- and short-circuit ratios. Letter subscripts are 
a these throughout this Standard; numeric subscripts following the 
matrix convention may be used when convenient, e: ially i i 
berets eben , especially in the analysis of 


1 ELECTRICAL QUANTITIES 
1.1 Quantity SyMBOLs. 


1.1.1 Instantaneous values of current, voltage, and i ith ti 
; power, which vary with ti 
are represented by the lower-case letter of the proper symbol. "TxA 
t, 0, te, VEB 
1.1.2 Maximum, average (d-c), and root-mean-s 
, quare values are represented 
the upper-case letter of the proper symbol. Exampuas; J, V, Te Vip es 
1.2 Susscriprs ror Quantity SyMBOLs. 
1.2.1 D-c values and instantaneous total values are indicated b 
¢ a upper-case 
ae — EXAMPLES: ic, Ic, vzp, Vez, po, Po Sa —_ 
2.2 Varying component values are indicated by lower-case subscripts, E 
Vey Ts Veby Ve, Pey Pe 2 a 
1.2.3 If necessary to distinguish between maximum, average, or root-mean 


values, maximum or average values may be represented by the addi 
a subscript m or av. EXAMPLES: tom, Tom, om, Zoav, tcav 5 —<_ 


“ Originally published in Proe, RH, Vol, 44, July 1956, 
606 
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1.2.4 Abbreviations to be used as subscripts. (For example, see Fig. A-1 and 
Basic Symbols Chart, 1.2.5.) 


E, e = emitter electrode 
B, b = base electrode 
X, x = circuit node 
M, m = maximum value 
AV, av = average value 
Q = average (d-c) value with signal applied 


C, c = collector electrode 
J,j = electrode, general 









DE rrr mn WITH SIGNAL comm rn rrr rr rrr 
I¢ Tom 
RMS VARYING MAX, VARYING 
| COMPONENT VALUE COMPONENT VALUE 





t ] 
eF ee —_yY ——— eee 
é ic 
a INSTANTANEOUS VARYING 
x COMPONENT VALUE 
5 
& 1 
5 | 
o t 
4 
3 
Oo Icom ! 
MAX. TOTAL | 
VALUE \ 
1 
' 







DC VALUE ic 
WITH SIGNAL INSTANTANEOUS 
TOTAL VALUE 


——— = 


TIME —>' 


Fig. A-1_ Illustration of proper symbol usage. 


1.2.5 Basic Symbols Chart 
TT Oe 
SYMBOLS 


1, Vv, p Ly Vee 





RMS or effective varying 


component value 


e 

b Instantaneous varying 
c component value 

j 








Instantaneous total value Average (dec) value 


ER 
B 
C 
J 
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1.3 Tue SusscrietT Sequence Conrorms To THE MATHEMATICAL CoNVENTION 
For Writinc DETERMINANTS FROM A SET OF FUNDAMENTAL KIRCHHOFF’S 
EqQuatIons. 

1.3.1 The first subscript designates the electrode at which the current is measured, 
or where the electrode potential is measured with respect to the reference 
electrode, or circuit node, designated by the second subscript. (Conven- 
tional current flow into the electrode from the external circuit is positive.) 
When the reference electrode or circuit node is understood, the second sub- 
script may be omitted, where its use is not required to preserve the meaning 
of the symbol. 

1.3.2 Supply voltage may be indicated by repeating the electrode subscript. The 
reference electrode may then be designated by the third subscript. Exam- 
PLES: Viz, Vcc, Vas, Ves, Voce, Vase. 

1.3.3 In devices having more than one electrode of the same type, the electrode 
subscripts are modified by adding a number following the subscript and 
on the same line. Exampue: B2 
In multiple unit devices the electrode subscripts are modified by a number 
preceding the electrode subscript. Exampie: 2B 
Wherever ambiguity might arise the complete electrode designations are 
separated by hyphens or commas. Exampie: V;C1_.C; 

1.3.4 When necessary to distinguish between components of current or voltage, 
the symbols may be used as shown in Fig. A-1. The illustration shows a 
case where a small varying component is developed in the collector circuit 
of a transistor. 


2 ELECTRICAL PARAMETERS 


2.1 PARAMETER SYMBOLS. 


2.1.1 Values of four-pole matrix parameters, or other resistances, impedances, 
admittances, etc., inherent in the device, may be represented by the lower- 
case symbol with the proper subscripts. ExAaMpLEs: hj», 275, Yor, fo, hip, arp 

2.1.2 Values of four-pole matrix parameters or other resistances, impedances, 
admittances, etc., in the external circuits, may be represented by the upper= 
case symbols with the appropriate subscripts. 


2.2 Susscriprs ror PARAMETER SYMBOLS. 


2.2.1 Static * values of parameters are indicated by the upper-case subscript, 
EXAMPLES: rg, Arp, arp 
2.2.2 Small-signal values of parameters are indicated by the lower-case subscript, 
EXAMPLES: 15, Yc, Aid, Zob, Xd 
2.2.3 The first subscript or subscript pair in matrix notation, identifies the ele 
ment of the four-pole matrix. 
tor 11 = input 
o or 22 = output 
f or 21 = forward transfer 
r or 12 = reverse transfer 
EXAMPLES: Vi = Ail; Ee hrVo V1 = Aydy + hieV2 
I, = hyd + hoVo Ty = hai + hooV2 
Note: Voltage and current symbols in matrix notation are designated wi 
a single-digit subscript. The subscript 1 = input. The subscript 2 = ou 
put. 


* The static valuo is the slope of the line from the origin to the operating point on 
appropriate characteristic curve, 
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2.2.4 The second subscript or the subscript following the numeric pair identifies 
the circuit configuration. When the common electrode is understood, the 
second subscript may be omitted. 


c = common collector 
j = common electrode, general 


e = common emitter 
b = common base 


EXxaMPLes (common base): 
1, = ywViat yoo 9 Li = yr Vin + yr2eV20 
0 = yseVin + YorVon 2 = Yow Vin + YorrV 20 
2.2.5 Electrical parameters characterizing the behavior of a device with associated 
circuitry are designated by upper-case symbols with an appropriate sub- 
script; e.g., Z:;, Zo. The termination may be indicated by an additional 
subscript such as: 0 = a-c open circuit termination; s = a-c short-circuit 
termination; a or other appropriate subscript for other terminations. This 
additional subscript may be omitted. ExAMPLES: Zio, Zis, Zia, Zi match 


3 LETTER SYMBOLS IN ALPHABETICAL ORDER 


The following list has been compiled according to the conventions set forth in 
Sections 1 and 2 of this Standard. . ; 

In general, the first symbol given for each electrical quantity or parameter illus- 
trates the basic symbol with the subscript which designates the reference electrode 
or common electrode (see Sections 1.3.1 and 2.2.5). The transfer ratio of the 
current generator shunting the collector branch low-frequency equivalent circuit 
is shown in Fig. A-2. 


Ip 
al 1-a 
Je, ae ae T x N 
E Te Te c B Ty (1-8) c 
Th Te 
B E 
(a) (b) 
Fig. A-2 Low-frequency 7 equivalent circuit: (a) base common, (b) emitter 


common. 


Qr, arp, arc, arz—The static value of the short-circuit forward-current transfer 
ratio.* 

Qty, Ofb) Oye, &se—The small-signal short-circuit forward-current transfer ratio.* 

Gr, &rp, ro, dre—The static value of the short-circuit reverse-current transfer 
ratio,.* 

Gy, Orb, Ore, &re—The small-signal short-circuit reverse-current transfer ratio.* 

Co, Cor, Coo, Cow—The capacitance measured across the output terminals with the 
input open-circuited to alternating current, 

fa, fay faoy fae The frequency at which the magnitude of the small-signal short- 
circuit forward-current transfer ratio is 0.707 of the low-frequency value, 


* Tho algebralo sign of a for the common base configuration ti taken as positive in 
accordance with oatablished usage, therefore ayy = hy em hen 
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hp, hep, hrc, hrz—The static value of the short-circuit forward-current transfer 
ratio. 

hy, hyp, hgey hye, her, hei, here, here—The small-signal short-circuit forward-current 
transfer ratio. 

hr, hrs, hrc, hrz—The static value of the short-circuit input resistance. 

hi, hiv, hic, hiey Rar, har, hate, hire—The small-signal value of the short-circuit input 
impedance. 

ho, hos, hoc, hoz—The static value of the open-circuit output conductance. 

ho; hob, hoc hoe, haz, heed, heec, heee—The small-signal value of the open-circuit output 
admittance. 

hr, herp, hrc, hre—The static value of the open-circuit reverse-voltage transfer 
ratio. 

hy, hyd, rey hres hiz, h120, hizc, hize—The small-signal value of the open-circuit reverse- 
voltage transfer ratio. 

Izo, Inzo, Isco—The base current when the base is biased in the reverse (high- 
resistance) direction with respect to the reference electrode, and the other elec- 

trode(s) is d-c open-circuited (to the reference electrode). 

Izg, Ipzs, Incs—The base current when the base is biased in the reverse (high- 
resistance) direction with respect to the reference electrode, and the other elec- 
trode(s) is d-c short-circuited (to the reference electrode). 

Ico, Iczo, Iczo—The collector current when the collector is biased in the reverse 
(high-resistance) direction with respect to the reference electrode, and the other 
electrode(s) is d-c open-circuited (to the reference electrode). 

Ics, Ices, Icas—The collector current when the collector is biased in the reverse 
(high-resistance) direction with respect to the reference electrode, and the other 
electrode(s) is d-c short-circuited (to the reference electrode). 

Izo, Izzo, Izco—The emitter current when the emitter is biased in the reverse 
(high-resistance) direction with respect to the reference electrode, and the other 
electrode(s) is d-c open-circuited (to the reference electrode). 

Izs, Izzs, Izcs—The emitter current when the emitter is biased in the reverse 
(high-resistance) direction with respect to the reference electrode, and the other _ 
electrode(s) is d-c short-circuited (to the reference electrode). 

ry—Resistance of the base branch of the low-frequency equivalent circuit shown 
in Fig. A-2. 

r-—Resistance of the collector branch of the low-frequency equivalent circuit ‘ 
shown in Fig. A-2. 

r-—Resistance of the emitter branch of the low-frequency equivalent circuit shown 
in Fig. A-2. 

‘m—The product of a and r, of the low-frequency equivalent circuit shown in — 
Fig. A-2. 

ta—The ohmic delay time is the time interval between the rise of a pulse applied 
at the input terminals and the rise of the minority-carrier-generated pulse ap 
pearing at the output terminals. 

t,—The storage time is the time interval between the fall of a pulse applied to the 
input terminals and the fall of the carrier-generated pulse at the output terminals, 

Ver, Veer, Vur, Veer, Vczr, Vucr, Var, Vazr, Vacr—The d-c open-ciroulb 
voltage (floating potential) between the electrode indicated by the first su 
and the reference electrode when the other electrode is biased in the 
(high-resistance) direction with respect to the reference electrode. 

BV co, BV cso, BV cro, BV x0, BV nxo, BV nco, BVn0, BV xo, BVaco—The 
down voltage between the electrode indicated by the first subscript when it 
biased in the reverse (high-resistance) direction with respect to the ref 
electrode and the other electrode is open-circuited, 
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Ly, Mybs ye; Mye—The small-signal open-circuit forward-voltage transfer ratio. 

Hr) Mrby Mire) Hre—Lhe small-signal open-circuit reverse-voltage transfer ratio. 

Lr, Urs, Mrc, Mre—The static value of the open-circuit forward-voltage transfer 
ratio. ahs 

LR, URB, URC, HRE—The static value of the open-circuit reverse-voltage transfer 
ratio. . ata 

Ys, Uso» User Yyer Y2r, Y21b) Y2ie, Y21e—The small-signal short-circuit forward transfer 
admittance. : ee 

Yi, Yids Yier Yiey Y11, Yrsb, Yitey Yte—The small-signal short-circuit input admittance. 

Yo Yobs Yous You Y22) Y22, Y22e, Y22e—The small-signal short-circuit output admittance. 

Yrs Yrby Yror Yrey Y12) Y1%, Yi2e) Yi2e—The small-signal short-circuit reverse transfer 
admittance. . ; 

2s, 2b, Zfoy Zfboy S21) 221b, 221cey Z21bce—Lhe small-signal open-circuit forward transfer 
impedance. ; we 

Zi, Ziby Zioy Zidoy Z11) 211b) Z11ce, 211bce—Lhe small-signal open-circuit input impedance. 

Zo) Zoby Zoo) Zoboy 222, 222d) 222ce) 222bce— Lhe small-signal open-circuit output impedance. 

Zr, Zrby Zroy Zrboy 212, 212b, Z12ce, Z12bee—Lhe small-signal open-circuit reverse transfer 
impedance. sous ; 

Zja, 2jbey 2fca) Zfes—The small-signal short-circuit forward transfer impedance (the 
reciprocal of ys). be fs ; 

Zis) Zids) Zics) Zies—Lhe small-signal short-circuit input impedance. 

—The small-signal short-circuit output impedance. 

Zrs, 2rbsy 2res) Zres—Lhe small-signal short-circuit reverse transfer impedance (the 
reciprocal of y;). 


Zos, Zobs; Zocsy Zoes 











INDEX 


AssorBERS (see: Radiation, absorbers 
for) 
Acceptors, 8, 10, 11, 12, 19, 22, 26, 27, 
47, 197 
charge density, 218 
concentration, 206-7, 333, 334 
in collector, 336 
in emitter, 345 
energy levels, 22 
ionization energies, 20, 22 
Admittance, 184, 188, 207 
of emitter, 187 
Alloyed-junction transistors (see also: 
Germanium alloyed junction tran- 
sistors; Junction transistor; n-p-n 
and p-n-p transistors) 
alpha frequency cutoff, 284-6 
alpha variation for, 282-3, 284 
avalanche multiplication, 282-3 
base resistance, 283-4 
breakdown voltage, 279, 281 
design of, n-p-n, 286, 288 
p-n-p, 287, 288 
design theory, 288-9 
in common-emitter pulse amplifier 
circuit, 273 
in switching systems, 272 
limitations, 272-3 
junction capacitance, 278, 279 
non-symmetrical, 436 
selection of materials for, 90 
space-charge layer width, 279-81 
effect of base region on, 279 
Alpha, as function of emitter current, 
448 
avalanche multiplication of, 272 
effect of temperature on, 449 
effect on alloyed transistors, 282-3 
frequency characteristics of, 868, 480 
frequency cutoff (see; Alpha cutoff 
frequency) 
greater than one, 480 


Alpha (continued) 
high-voltage, 441 
increase of, 420, 428, 4388, 449, 656 
low-voltage, 422, 425, 433, 441, 450 
measurement, 282, 448 
multiplication process, 428 
of n-p-n alloyed junction transistors, 
oxygen and water vapor effect 
on, 629 
oxygen pressure effect on, 630 
of p-n-p alloyed junction transistors, 
oxygen and water vapor effect 
on, 630 
oxygen pressure effect on, 636 
of transistors, 396, 422, 424, 427 
total, 428, 429, 430, 441 
unity, 422, 423, 424, 425, 428, 441 
variation of, with collector voltage, 
282, 284, 427, 429, 430 
Alpha bombardment conductivity, 
142-4 
normalized yield curves of, for p-n 
junctions, 144 
Alpha bombardment measurement, 147 
Alpha cutoff frequency, 298, 355, 357, 
365, 396, 428, 433, 554, 555, 556, 
564, 565 
for alloyed-junction transistors, 
284-6 
for common-emitter, 363 
for junction transistors, 300, 302, 309 
310 
for p-n-i-p transistors, 336, 338 
for power transistors, 372 
for tetrodes, 457, 459, 460, 461 
increase in, 327 
low, 355, 488, 554° 
of total alpha, 428, 429, 480 
reduction of, 8385 
vee of, with collector voltage, 
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Alpha cutoff frequency (continued) 


variation of, for alloyed junction. 


transistors, 284, 285 
variation of, with resistivity, 432, 433 
Alpha-particle bombardment, 157 
Aluminum, 445, 446 
Amplification factor (see: Alpha; Cur- 
rent amplification factor) 
Amplifiers, tuned, 456 
Amplitude, decrease in, 161 
Analog transistors, 512 
anti-, 515-16 
current flow, 515 
minority carrier injection in, 516 
operation mode of, 514 
structure of, 515 
Antimony, 103, 445, 446, 469 
distribution coefficient of, 88 
Attenuation, in minority carrier delay 
diode, 205-6 
Avalanche breakdown, 165, 654 
in alloyed junction transistors, 634 
in gases, 149, 150 
in n-p junctions, 149 
in semiconductors, 149, 421 
voltage, 450 
Avalanche multiplication, 115, 164, 271, 
273, 276, 421, 423, 437, 440 
calculation of, 150 
of alpha, 272, 420 
of emitter current, 275 
variation with junction voltage, 
282-3 
Avalanche theory, 135 
Avalanche transistors, 420-1, 422, 424, 
427, 433, 438, 439 
alpha of, 432, 433, 436 
variation with collector voltage, 
427, 429 
alpha cutoff frequency of, variation 
with collector voltage, 429 
applications of, 432-7 
as two-terminal negative impedance 
element, 433, 435 
base layer resistivity of, 431 
breakdown voltage of, 425, 427, 430, 
436, 437 
at collector junction, 482 
current gain in, 427, 428, 482, 435 
design of, 430-2 
frequency characteristics of, 480, 482 
























INDEX 


Avalanche transistors (continued) 
negative resistance characteristics of, 
434, 435 
at emitter, 436-7 
negative resistance circuit, 423, 424, 
430, 433 
resistivity in, 427 
rise time in, 433 
switching circuits for, 432 
temperature effects on, 430 
terminal characteristics of, 432, 437 
Avalanche transistors, alloyed junction, 
breakdown voltage in, 422, 423, 
425 
characteristics, 423, 424-5 
collector characteristics, 425, 426 
emitter current in, 425 
n-p-n, collector characteristics of, 
425, 426 
p-n-p, alpha frequency cutoff in, 433 
collector characteristics of, 425, 
426 
frequency cutoff variation with re- 
sistivity for, 432 
resistivity of, 423 
Avogadro number, 480 


BACKSCATTERING, 481, 487, 492 
Band-pass amplifier (see: Tetrodes, as 
band-pass amplifiers) 
Barrier, capacitance, 299, 319, 320 
Schottsky-type, 151 
voltage, 145, 182 
width, 146, 150 
Base contact, 303, 304 
ring for p-n-p fused transistors, 307 
Base current, 301, 302 
de, 303 
Base layer, emitter efficiency, 395, 3806 — 
equivalent, designs for, 402-3 
excess donor concentration in, 395 
hole concentration in, 395 
hole density in, 394-5, 396 
hole drift in, 396 
minority carrier lifetime in, 303 
recombination in, 393 
space-charge widening on, 804 
transverse sheet resistance of, 805, 
306 


INDEX 


Base layer impurity distributions, 392, 
393 
Base layer resistivity (see: Base resist- 
ance) 
Base layer spreading resistance, 320-2 
Base region, electron-current density, 
409 
hole-current density, 409, 417-18 
Base region conductivity, 408, 410, 411, 
412, 415, 416, 417, 418, 419 
modulation of, by injected carriers, 
411 
Base region thickness, 295, 296, 297, 
302, 314, 393 
junction triode, 327 
p-n-i-p transistor, 334 
p-n-p fused junction transistor, 310 
power transistor, 372-3 
voltage dependence on, 311, 316 
Base resistance (see also: Base spread- 
ing resistance), 293, 328, 329, 334, 
338, 362, 398, 456, 554 
de, 295 
effect of excess donor distribution on, 
399 
for active region between collector 
and emitter, 395 
increase in, 327 
low, 334, 396 
reduction of, for tetrodes, 457, 459, 
460, 462, 463, 464 
variation with frequency, 464-5 
Base resistance structures, 332-3 
Base spreading resistance, 296, 302 
de, 303 
effect on high frequency gain, 349 
for junction transistor, 293-5 
ohmic, 310, 311, 320-2, 327 
calculation for, 321-2 
for n-p-n grown transistors, 307 
for p-n-p fused transistors, 309, 
311 
increase in, 327 
reduction of, 328, 329, 334 
Bell solar battery (see; Silicon solar 
energy converters) 
Bessel functions, use in matrix conver- 
sion, 185, 186 


Beta emitters, 480, 481 


Beta radiation, 474, 479, 481 
intensity, 401, 492, 406 
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Beta radiation (continued) 
of strontium®, 472, 473 
of yttrium®, 472, 473 

Bias, control of, 206 

Boat, for zone leveling, 102 


| Boltzmann constant, 413, 476, 498, 557 


Boltzmann factor, 203 
Boltzmann statistics, 573 
Bombarding particle, energy of, 143, 
147 
Boron, 469 
removal from silicon, 45 
Boron diffused silicon cells, 480 
Breakdown voltage (see also: Surface 
breakdown), 135, 139, 148, 272, 
441, 654, 658 
ambient gas effect on, 646-7, 648 
as function of resistivity, 422 
as function of temperature, 159, 160, 
430 
base-to-collector, 423 
bistable, 162 
channel formation during, 647 
collector (see: Collector breakdown 
voltage) 
decrease in, 654 
emitter-to-collector, 424 
for avalanche transistors, 425, 427 
for silicon junction, 158-9 
in alloyed junction transistors, 634 
in alloyed step junctions, 154 
in n-p-n alloyed transistors, effect of 
oxygen and water vapor on, 628 
effect of, water vapor pressure on, 
631 
in obtaining ionization rates, 155 
in p-n-p alloyed transistors, effect of 
oxygen and water vapor on, 629 
effect of, water vapor pressure on, 
631 
in reverse-biased semiconductor junc- 
tions, 421 
in silicon n-p junctions, 161-3, 164 
increase in, 643, 648 
multiplication effects at, 644-6, 648 
photocurrent during, 645-8: 
temperature coefficient of, 158, 161 
variation with resistivity of n-type 
silicon, 154 
variation with murface charge density, 
Obded 
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Breakover current, in p-n-p-n transistor 
design, 442 
Breakover voltage, 449, 450 
collector, 272-3 
in p-n-p-n transistor design, 442 
in power transistors, 373 
Built-in field, 393, 394 
Bulk lifetime effect, 383 
Burger vector, 112 


CasBrera-MotTr MODEL, 585 
Capacitance, 319 
as function of impurity center den- 
sity, 278, 279 
as function of voltage, 449 
collector, 272, 299, 322, 326, 327, 338 
off, in p-n-p-n transistor design, 443 
variation with voltage, 137-9 
Carrier concentration, 3, 19, 20, 22, 206, 
491 
instantaneous relation of, and volt- 
age, 185 
variation with temperature, 21 
Carrier density, 118, 242-3, 260, 445 
at the surface, 574-5 
division of, 254-5 
equilibrium, 127 
in base layer, 238, 254 
in p-t-n diodes, 127 
Carrier injection, 150 
effect on recombination centers, 188 
recombination, 192 
with photons, 135 
Carrier lifetime, measurement of, 24 
Carrier recombination, 23, 479 
Carrier storage effects in junction tran- 
sistors, 246 
Carrier storage time, 246, 247 
calculation of, 248 
Carrier transit time, 329 
Carriers, behavior in silicon, 4, 19, 20, 
116 
decay of, 580 
diffusion of, 189 
flow of, 243 
mobility of, 4, 116, 393 
motion of, space-charge effect on, 
208 
recombination in, 28, 479 
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Channel behavior in p-n junction di- 
odes, 617-20 
Channel conductance, 579, 580 
for n-p junctions, 596 
for n-p-n structures, 590 
Channel conduction, 606, 609, 612, 622 
effect on reverse dark-current-volt- 
age characteristics, 610 
Channel effect, 41 
on dark-current, 602 
on n-p-n junction transistors, 588 
on rectification, 589 
Channel formation, 603, 611, 648 
in n-p junctions, 596-7, 599, 608, 609 
on diodes, 589, 590 
optical detection of, 615 
oxide layer in, 615 
Channel length, 620 
as function of applied voltage, 611- 
12, 613 
correlation with excess current, 615, 
619 
determination of, 615 
effect of light on, 612-13 
excess current, variation with, 616, 
617 
in p-n junction diodes, 618 
Channeling, 575 
Channels, surface resistivity of, 619-20, 
621 
Child’s law, 514, 515 
Circuit parameters, 554 
Collector, 421 
circuit, ac impedance of, 234 
grounded-base, 229, 231, 234 
saturation current, 241 
used as emitter, 227 
Collector barrier capacitance, 334 ‘ 
Collector-base barrier capacity, 344, 
354, 360, 362, 365, 366 
Collector-base capacitance, 365 , 
Collector-base conductance, 358 
Collector-base current gain (see also) 
Current amplification factor), 386, 
386 ' 
calculation for, 3888 | 
dependence on junction diameter 
387 
determination of, 406, 407 
junction shape effect on, 387, 
variation, 3886, 387, 380 
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Collector-base diffusion capacity, 347, 
355, 359 
ratio to collector-base barrier capac- 
ity, 347 
Collector breakdown voltage, 331, 349 
increase, 326 
reduction, 327 
Collector capacitance, 272, 322, 338 
calculation of, 299 
increase in, 327 
reduction of, 326, 327 
Collector current, 166, 238, 441, 444 
cutoff, to collector current satura- 
tion, 246 
impedance in, 234, 238, 247 
open-circuit, 234 
ratio of, to minority carrier current, 
396 
Collector-emitter conductance, 365 
Collector-emitter current gain, 379 
calculation for, 387, 406 
dependence on junction diameter, 
387 
surface recombination velocity effect 
on, 387-8 
Collector field distribution, 336 
low voltage effect on, 332 
Collector hooks, 379 
Collector junction, 439 
reverse characteristics, 424, 439 
Collector voltage, 303 
effects of, 401 
Common-emitter (see also: Grounded- 
emitter) 
critical frequency, 362 
high-frequency gain, 362 
neutralization, 363-5 
stability, 365 
unneutralized, 364, 365 
Common-emitter pulsé amplifier, 273, 
286 
decay time, 277-8 
response time in, 276 
storage time, 276-8 
transient behavior of, 274 
Common-emitter transistor amplifiers, 
361 
Common-emitter switch, ac impedance 
of, 275 
Concentration, at interface, 94 
of liquid, 95, 06 
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Concentration, of liquid (continued) 
at solidification interface, 96 
ratio of maximum, to bulk concentra- 
tion, 94, 95 
Conductivity modulation, 127, 134 
Contact potential, 574-5, 584, 585 
effect of illumination on, 580 
measurement of, 575, 576, 577, 580 
Contacts, density of, 117 
length of, 117 
minority carrier currents in, 119 
recombination in, 118 
Convection currents, in liquid zone, 95 
Convergent flow diode, 219-20 
Conversion matrix, non-reciprocal, 186, 
191 
theoretical, 191 
Copper-germanium system, 46 
Copper indium selenide, 43 
CP-4 etchant, 90, 98, 108 
composition of, 108 
Critical breakdown field, 656 
Critical frequency, 368, 364, 365 
for common-emitter, 362 
Crucible materials, 5 
Crystal lattice, perfection of, 90, 96— 
106 
Crystal pulling, 98 
Current, calculation of, 267 
Current, constant, 166, 167, 168, 175 
determination by series resistance, 
167 
Current, decay, 174-5 
Current, increase in, 421 
Current, turn-on, in p-n-p-n transis- 
tors, 445 
Current amplification factor (see also: 
Alpha; Collector-base current 
gain; Collector-emitter base cur- 
rent gain; Intrinsic current gain), 
411 
emitter current effect on, 404-19 
for n-p-n transistors, 414, 416 
for p-n-p transistors, 405, 414-15 
Current density, 128, 134, 176, 194, 199, 
296, 301, 302, 428, 445 
alpha, change with, 441 
effects on recombination in diodes, 
120884 
inatantaneous, 188 
particle, 120, 182, 188 
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Current, forward, 166, 167, 173, 191, 
296 
in junction transistors, 296 
in p-n-p-n transistors, 439 
Current gain, frequency characteristics, 
430 
frequency cutoff of, 430 
in avalanche transistors, 427, 428 
Current, instantaneous, as function of 
voltage, 185 
Current, saturation, of collector junc- 
tion, 226 
of emitter junction, 226 
Current-voltage, for p-n junctions, 135 


DC BASE RESISTANCE, 295 
de voltage, open-circuit, 185 
de voltage drop, modulation of, 294-5, 
302 
De Boer iodide cell, 5 
Decay time, 286 
in common-emitter amplifiers, 277-8 
Depletion layer capacitance, 306, 329, 
335 
emitter, in p-n-i-p transistors, 329, 
332, 333, 334, 338, 339 
in junction transistors, 293, 297 
n-p-n grown, 306 
in one-dimensional transistors, 299- 
300, 310 
Depletion layer thickness, 327 
for p-n-i-p transistors, 328, 330, 335 
Design, of common-emitter pulse am- 
plifier, 273-8 
of junction transistors, small-signal 
transmission parameters, 305-10 
of n-p-n grown junction transistor, 
physical parameters, 305-7 
of n-p-n transistors, 268, 288 
of p-n-p fused junction transistors, 
physical parameters, 307-10 
of p-n-p transistors, 287, 288 
of power transistors, 367-78 
of switches, 272-3 
theory for, alloyed transistors, 288-9 
junction transistors, 289-91 
Design calculations for junction tran- 
sistors, 305-10 
Detour factor, 494 
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Devices, test requirements for germa- 
nium material, 90-1 
Dielectric constant, 655, 656 
Dielectric relaxation, 209 
constant, 212, 213, 215 
Differential conductivity, 212, 216, 217 
negative, 219 
Diffusion, 209, 210, 305 
analysis of, 311-20 
electron, 317 
minority carrier, 310 
Diffusion admittance, 296-9, 300, 305, 
360 i 
collector, of n-p-n transistors, 306 
non-linear, 182 
Diffusion capacitance of junction tran- 
sistor, 411 
Diffusion coefficient, 418 
Diffusion constants of impurities in 
silicon, 12-13 
Diffusion current, 168, 171, 172 
carrier, 291 
dependence on junction potentials, 
291 
determination, from minority carrier 
density, 292-3 
equation, 300 
small-signal ac, determination of, 
293 
Diffusion equation, 178, 183, 254, 315, 
379 
for minority carriers, in hemi- 
spherical diodes, 172-5 
in narrow-base diodes, 175 
in planar diodes, 170-2 
for nonplanar transistors, 249 
Diffusion length, 145 
curves, 141 
electron, 408, 412, 416 
hole, 408, 412, 416 
Diffusion rate of impurities in liquid 
germanium, 94 
Diffusion theory, 494, 497 
Diffusion transit time for holes, 334 
Diode (see also: various types such ag 
Gold-bonded; Hemispherical 
ode, ete.) 
as amplifiers, 198 
convergent flow, 219-20 
current densities in, 120 
equivalent circuit for, 181 
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Diode (continued) 
impulsive impedance of, 198 
layer thickness control in, 198 
negative resistance, 198 
recombination in, 120, 128 
reverse current drift, 592 
voltage-current characteristic in, 124 
Diode structures, 184 
(see also: Variable-resistor diode; 
Variable-capacitance diode; Uni- 
polar diodes) 
Diode switching, 115, 166 
Dislocation distribution in germanium, 
111 
Dislocation edge in silicon, 108-9 
Dislocation etch-pits in silicon crystals, 
107 
distribution of, 109-11 
in isolated slip line, 110 
Dislocations, in germanium crystals, 96- 
101 
in silicon crystals, 107-12 
Dissected amplifiers, 198 
Distribution coefficient, 87, 91-2 
definition, 10, 44 
germanium, 87 
of impurities, in germanium, 45 
in silicon, 45 
Donor-acceptor balance, control of, 89, 
91 
Donor centers, 47 
in semiconductors, 47 
Donor density, 332 
Donor distribution, transistor param- 
eters, as functions of, 401-3 
Donor distribution, excess (see: Excess 
donor distributions) 
Donors, 8, 10, 11, 12, 19, 22, 25, 26, 
47, 197 
concentration of, 207, 334 
electron spin resonance, 23 
ionization energies of, 22 
Doping, 469, 514, 620 (see also. Silicon, 
crystal growing) 
Down-converters, 187, 191, 192 
welded-contact diodes as, 191 
Drain, 516 
Drift measurements, 16, 24 
Drift current, 208, 209, 210, 215 
Drift velocity, 207, 212, 218, 217 
of electrons, 5834 
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Drift velocity (continued) 
of holes, 211-12, 216, 217 
variation with field, 217 

Du Pont silicon process, 5 


EFFECTIVE DIFFUSION LENGTH, 183 
calculations for, 194 
Effective distribution coefficient, 95 
Einstein equations, 413 
Electric field, 210, 215, 410 
disturbance, 210 
decay of, 212 
time factor, 212 
drift in, 210, 217 
effect on surface recombination 
velocity, 410 
in base region, 404, 409-10 
negative hole mobility, 216 
Electrical energy, 31 
Electrical power from radioactivity, 
472, 473 
Electrical punch-through, 327, 375 
Electrolysis, 591 
Electron current, 169, 207, 208, 319, 
895 
Electron-current density, in base re- 
gion, 409 
Electron density, 117, 167, 244, 570 
in collector, 319 
surface, 573, 575 
Electron flow, 316-19, 320 
Electron-hole generation, 136, 145, 217, 
476, 490, 492, 498 
absorption and, 479 
by collision, 421 
by radiation, 473, 478, 480 
ionization rate for, 147, 165 
Electron-hole recombination, 90 
Electrons, beta, 494 
conductivity, 208 
diffusion length, 395, 396, 408, 412, 
416 
drift velocity, 533-4 
emergent, 494 
emergent energy, 492 
energy, 582 
spectrum, 481 
in emitter, 316 
lifetime of, 817 
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Electrons (continued) 
injection of, 207 
ionization rates for, 147, 149, 150, 
154, 165 
mobility, 395 
multiple scattering effect of, 494 
multiplication of, 141, 145, 149, 440 
production of, by internal ‘field 
emission, 149 
Electrostatic barrier potential, 300 
Emergent electron flux, 482 
Emission, limited space-charge, 208, 
215, 219 
Emitter, current emission ratio at, 358 
resistance, 354 
Emitter-base barrier capacitance, 354, 
358, 360 
Emitter-base diffusion admittance, 354 
Emitter-base diode, 179 
Emitter capacitance, calculation of, 
299 


Emitter-collector area ratio, 387 
collector-base current gain depend- 
ence on, 386-7, 389 
Emitter current, 296, 421, 422, 425, 
439, 444, 449, 564 
collector, 226 
composition of, 406-7 


de, 554 
effect on current amplification fac- 
tor, 404-19 


hole injection, 407 
volume recombination variation 
with, 413 
Emitter efficiency, 354, 355, 358, 359, 
360, 379, 392, 411-12, 417, 418 
dependence of, on geometrical pa- 
rameters, 396 
for uniform base layer, 395 
increase in, 417 
reduction of, 404, 412 
Emitter junction, 421, 439 
bias, 428 
impedance, 425 
Energy flux, 480, 481, 482 
Energy gap, 38, 41, 47, 216, 299, 475 
impurity effects on, 41 
silicon, 3, 15, 16, 17-18 
Energy levels, 22, 47, 589 (see also: 
Fermi level) 
diagrams for, 39 
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Equilibrium distribution coefficient, 95 - 
Equivalent circuit, 228-31, 257 
current saturation region, 260 
field-effect transistor, 550-3 
for junction transistors, 303-5 
high-frequency, for junction tran- 
sistors, 357, 358 ; 
hybrid-pi, 361 
junction tetrode, with fixed bias, 458 
noise, 555-6 
noise figure calculation, 565 
one-dimensional junction transistor, 
295, 298 
one-terminal, 356 
oscillator, 552 
p-n-i-p transistor, 333 
radioactive p-n junction cell, 475 
equations for, 476 
small-signal, 246, 249, 303 
for collector current saturation, 
256 
transistor, 554, 555, 564 
two-terminal, 356, 357, 555 
Etch-pit densities, 90, 106 
of zone-leveled crystals, 105 
Etch-pits, 90 
in silicon, 108-9 
spiral, 111, 112 
Etchants, chemical, 598 
for germanium, 90, 98 
for silicon, 108 
Excess current, as function of, applie¢ 
bias, 619 
humidity, 619 4 
a with channel length, 618 
variation with, applied voltage, 617 
620 
with channel length, 616, 617 
Excess donor distribution, 397 
effect of, on transistor parameters, 
397-401 
Extrinsic conductivity, 89 


«, 
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Faut-orr Factor, 412, 418, 419 

Fast state (see: Surface states) 

Feedback, 187, 208, 204, 308 
admittance, 800, 333, 368 
collector-base, 865 
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Feedback (continued) 
positive, 187 
resistance, 294, 302 
voltage, 321, 322 
Feedback oscillator, using field-effect 
transistor, 551-3 
Fermi-Dirac statistics, 203 
Fermi level, 312, 570, 571, 572, 573, 
579, 580, 583, 659 
at semiconductor surface, 586 
quasi-, 574 
variation with ambient, 576 
variation with humidity, 600, 608 
Fermi theory, in beta intensity, 491 
Fick law, 94 
Field distributions, 150, 155, 164 
determination of, 157, 158 
for junctions, 158 
ideal, for n-p junctions, 151 
ionization rate as a function of, 
150-3 
Field effect, 573, 580, 582 
response, 592 
slow decay in, 580 
Field-effect transistor, 512, 516, 517 
amplitude modulation, 545-6 
carrier mobility, 517 
characteristics, 548 
drain, 519, 522, 528, 526, 527, 529, 
530, 531 
gate, 529, 542, 543 
static, 540, 542, 546-9 
design, 531-7 
experimental data for, 538-49 
limitations in, 536-7, 549 
nomographs, 535-7 
equivalent circuit for, 550-3 
experimental, 538, 539, 542-9 
properties of, 539, 542, 548 
frequency cutoff, 517, 535, 541, 542, 
552 
frequency modulation, 546, 549 
frequency response, 521-3, 524, 530, 
531, 532, 538, 537 
measurement of, 541-2 
upper limit of, 536 
measurement techniques for, 540-2 
mobility, 525-6 
constant, 519, 622, 628, 626, 627, 
620, 580, 531, 6828, 648, 546 
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Field-effect transistor, mobility (con- 
tinued) , 
non-constant, 519, 527, 530, 531, 
535 
square-root, 526-31 
pinch-off voltage, 520, 522, 536, 542, 
546, 548 
resistance, measurement of, 540-1 
negative gate, 524-5 
series, 524 
square-root mobility, 526-31, 533-5, 
548, 548, 550 
theory, 518-20 
ideal, 520-6 
transductance, 517, 524, 525, 529, 
582, 533, 537, 545 
definition of ac, 551 
dependence on voltage, 530 
transit time, 524-8, 531 
constant mobility, 549-50 
non-constant mobility, 549-50 
uses of, 549 
voltage, 517, 519, 521 
Figure of Merit, 360, 364 
for junction transistors, 337 
for p-n-i-p transistors, 337, 338 
gain-band power, 367, 371, 377 
gain power, 367, 371, 377 
use, in power transistor design, 367 
Filament lifetime, 598 
Flip-flop, 271 
Four-terminal network, maximum 
available gain, 340, 341-2, 352 
Fractional crystallization, by zone re- 
fining, 45 
Frequency conversion, 180, 182, 187 
hole concentration in, 183 
in p-n junctions, 181 
Frequency cutoff, 392, 393 (see also: 
as sub-heading) [400 
effect of excess donor distribution on, 





uniform, 398 
for uniform base layer, 397 
of transport factor, 397 
Frequency . dependence, of maximum 
available gain, 187 
of small-signal admittance of, hemi- 
spherical variable-resistor diode, 
190 


variable capacitor diode, 180 
virinbloeromiator diode, 188 
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Frequency response, in field-effect tran- 
sistors, 521-3, 524, 530, 531, 532, 
533 
measurement of, 541-2 
of n-p-n grown junction transistors, 
306 


GAIN-BAND, Figure of Merit, 327 
Gain-power, Figure of Merit, 367 
Gallium arsenide, 43 
Gamma radiation, 473, 474 
Gas discharge theory, 149 
Gaseous discharge, 438 
Gases, ionization of, 421, 438, 473 
Gate, 576 
Generator resistance, 554 
Germanium, absorption band, 479 
band structure, 18 
breakdown properties, 165 
bulk properties, 569 
conductivity, 43 
copper contamination of, 46 
density of impurity centers of, as 
function of capacitance, 278, 279 
dielectric constant for, 138 
dislocation distribution in, 111 
distribution coefficient of, 44, 46 
during zone leveling, 87, 88 
donor-acceptor balance, 89, 91 
electron multiplication in, 135, 141 
energy gap, 38, 43, 475 
energy level, 39 
energy, maximum for, 484 
etchants for, 90 
etch-pit density, 91 
extrinsic conductivity, 89 
impurities in, 22, 38, 42, 86, 91 
concentration of, 43 
properties of, 44-9 
intrinsic conductivity, 89 
ionization rate, 165 
lifetime, 43, 44, 48, 49 
minority carrier lifetime in, 89-90, 
91, 96 
mobility, 40, 42 
n-type, critical field, 5385 
photoregeneration, 423 
purification of, 1, 3, 4, 86 
radiation damage, 473 
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Germanium, radiation damage (con- 
tinued) 
threshold, 485-6 
radiation energy, 479 
recombination coefficients for, 23 
resistivity, 96, 475 
segregation coefficients for, 86 
semiconductor properties, modifica- 
tion of, 96 
solubility relationships in, 12 
solute concentration in, 87 
surface conductance, 571 
surface properties, 576 
threshold energy, 482 
work function of, 574 
zone refining of, 85 
Germanium alloyed junction transistor, 
alpha, for n-p-n, 626, 633, 641, 642° 
as switching device, 271 
basic structure, 624 
breakdown voltage, for n-p-n, 625, 
626, 633, 634, 636, 641 
for p-n-p, 633, 634, 636 
effect of surface oxides on, 638 
hermetic sealing, 637, 638, 642 
oxygen effect on, 627-30, 632, 634, 
638, 641 
oxygen pressure effect on, 630, 631 
pressure effect on, 624-5, 632 
removal of water and oxygen fr 
638, 641 
reverse current, for n-p-n, 626, 
636-7, 641 
for p-n-p, 633, 636, 637 
surface breakdown on reverse-bi 
644-60 
vacuum baking of, 624-5, 632, 
water vapor effect on, 627-380, 
633, 634, 636, 641 
water vapor pressure effect on, 6 
632, 641 
Germanium alloyed junction transis 
reliability, 628, 638 
oxygen and water vapor effect 
623 
Germanium crystals, bulk prope 
of, 89 
dislocations in, 96 
surface preparation of, 581 
Germanium diodes, reciprocity fail 
191 


INDEX 


Germanium n-p junctions, 149 
breakdown in, 149 
channel lengths for, 611-12 
gas evolution from, as function of 
humidity, 607 
moisture effect on, 596-613 
reverse dark current of, 606 
surface breakdown of, 643-55 
Germanium p-n junctions, alpha bom- 
bardment of, 142-3 
yield curves for, 144 
breakdown region, 137 
capacitance-voltage characteristics, 
137-9 
channel formation in, 615 
characteristics of, 136 
current-voltage characteristics, 136-7 
effect of light on, 139, 140 
excess current in, 615 
ionization rate for, 146, 147 
multiplication factors in, 136 
multiplication in, 145, 147 
photoresponse in, 141 
Germanium p-n junction diodes, chan- 
nel behavior in, 617-20 
channels in, 614, 621 
excess reverse current in, 614 
voltage-current characteristics, 621-2 
Germanium-silicon alloys, energy gap 
in, 43 
Germanium single crystal growth, 96- 
106 
apparatus for, 98, 94 
by zone leveling, 85 
Germanium single crystals, etching of, 
98 
growing, 86, 96-106 
in quartz boat, 97 
peripheral tension in, 98 
plastic deformation of, 98 
star pattern of, 98, 99 
thermal contraction of, 98 
Germanium surface, behavior, 568 
chemistry of, 581-5 
clean, 585 
energy level of, 570-1 
etched, 581, 585, 597, 614 
Gold-bonded diodes, 193 
Graded junction, 189 (see also: Vari- 
able capacitor diode) 
barrier capacitance for, 200 
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Grain boundary, low angle (see: Line- 
age boundary) 
Green theorem, 656 
Grid, 197, 576 
Grounded-base, 229, 231, 234, 357, 358 
Grounded-base amplifier (see: Tet- 
rodes, as grounded-base amplifier) 
Grounded-emitter, 231, 354 (see also: 
Common-emitter) 
admittance parameter, 354 
circuit, 231, 235 
equivalent circuit, 356 
impedance, 231 
low-frequency for, 357 
Grown-junction transistor, design, for 
high-frequency performance, 349- 
51 
high-frequency gain, 340-1, 343, 346, 
350, 361, 364-5 
variation with emitter resistance, 
346 
theoretical, 351 
input resistance, 345 
majority carrier concentration, 349, 
350 
maximum available power gain in, 
340, 351, 352 
measurement for, 347 
small-signal parameter, measure- 
ments, 347 
Growth rate, 94, 95, 96-101 
dependence of, on temperature fluc- 
tuations, 96-7 
effect on uniform longitudinal resis- 
tivity, 94 
Fick’s law of diffusion in, 94 
heat loss during, 101 
rate of motion during, 94-6 
supercooling during, 96 
temperature effect on, 94 
Gyrators, 198 


HA. Errecr, 19, 21, 22 
measurement of, 22 
plates, 198 : 
Hall mobility, 16, 17, 19, 20, 21 
variation, with resistivity, 17 
with temperature, 21 
Harmonic voltages, 184 
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Harmonics, open-circuited, 184-5, 186 
short-circuited, 184, 186 
Hemispherical diode, 166, 169, 191, 192 
carrier diffusion in, 189 
decay time in, 174-5 
effective diffusion length, 194 
minority carrier diffusion equation, 
172 
reverse current in, 174 
small-signal admittance in, 189 
transforms for, 178 
Hemispherical junction (see: Hemi- 
spherical diode) 
Hermetic sealing, 637, 638, 642 
High-frequency gain, 340 (see also: 
Maximum available gain) 
base spreading resistance effect on, 
349 
calculation of, 344-5, 349, 351, 352-3 
definition of, 341 
dependence on emitter current, 346, 
347 
determination of, 341 
effect of cross-section area reduction 
on, 350-1 
equivalent circuit, 357, 358 
for common-emitter, 362, 364 
for four-terminal network, 340, 341- 
2, 352-3 
for ground-base operation, 344, 357, 
358 
for ground-emitter operation, 343, 
344 
for ideal transistor, 343 
h parameters, 344, 354-8 
for stable junction transistors, 362 
in grown-junction transistor, 349-51, 
361 
with non-constant base spreading 
resistance, 340, 346 
in junction transistors, with constant 
base spreading resistance, 340, 
348, 350 
ratio of, to Figure of Merit power 
gain, 364 
theoretical, for grown-junction tran- 
sistors, 351 
variation in, 349, 350 
Hole current, 207, 208, 244, 320, 395 
steady-state solution to, 395 
Hole current density, 894, 396, 408 
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Hole current density (continued) 
at collector, 315, 316 
at emitter, 315, 316 
in base region, 409, 417-18 
of junction transistors, 315, 394 
Hole density, 117, 168, 204, 215, 217, 
218, 419 
at emitter, 408, 417 
doubling, by light, 574 
excess, 379, 380, 381, 382, 383 
in base layer of junction transistor, 
313-15 
in p-n-p diode, 214 
injected, 409 
narrow-base diode, 175 
p-n-p transistor, 244 
unipolar diode, 210 
Hole electron pairs, electronic proper= 
ties of, 47, 48, 49 
preparation of, 31 
Hole flow, 316, 319, 320, 384-4, 386, 
417 
in junction transistors, 415 
map, 415 
Hole mobility, 212 
negative, 216 
staueffekt, 217 
Holes, 203 
charge density, 210, 215 
concentration, 183, 313 
in base layer, 395 
conductivity, 207, 208 
density, 217, 395 
diffusion coefficient, 409 
diffusion equation for, 243 
diffusion length of, 408, 412, 416 
drift of, 396 
drift velocity of, 211-12, 330, 
336 
increase in, 335 
reduction in, 216 
energy loss in, 216 
equilibrium concentration of, in 
junctions, 182 
injection of, 192, 208, 329 
ratio for, 333 
ionization rate for, 147, 149, 150, 
165 
lifetime of, 183, 313, 317, 880 
multiplication of, 141, 145, 440 
ratio of, to electron density, 207 
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Holes (continued) 
recombination of, 383, 385, 408, 412, 
417 
in p-n junctions, 181 
source of, in analog transistors, 516 
storage capacitance, 306, 308 
transit time, 334, 396 
Hook transistor, 420, 421, 432, 437, 439 
limitations of, 432-3 
multiplication in, 432 
p-n-p-n, three-terminal, 420 
Humidity, apparatus for controlling, 
615 
effect on surfaces, 658 
Hybrid-pi equivalent circuit, 361 


IMPEDANCE, 208 
ratio, 207 
Impulsive impedance, 198-201 
characteristics, 200 
p-n-p unipolar diode, 209, 214-16 
Impurities, effects of, on energy gap, 
42, 47 
on indium antimonide, 42 
on lifetime of carriers, 48 
on mobility, 42 
on silicon-germanium alloys, 42 
energy levels of, 47, 48 
density of, for germanium, 278, 279 
diffusion rate of, in liquid germa- 
nium, 94 
distribution of, 656 
identification of, 22 
ionization energies for, 47 
optical properties of, 22 
properties of, 44-5, 46, 47 
solubility of, 45 
spin resonance measurements for, 47 
thermal effects on, 45 
Impurities in silicon, 10, 19 
acceptor, 8, 10, 11, 12, 19, 22 
donor, 8, 10, 11, 12, 19, 22 
ionization energies of, 19-20, 22 
measurement of, 22 
mobility of, 13 
solubilities of, 10-12 
Indium, 108 
distribution coefficient of, 88 
Indium alloy-process diodes, 167 
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Indium alloy-process field-effect transis- 
tors, 538 
Indium antimonide, 43 
impurity effect on, 42 
Indium arsenide, 43 
Indium germanium process, 338 
Indium phosphide, 43 
Input admittance, 319 
Intrinsic conductivity, 89, 600 
Intrinsic current gain, 380 (see also: 
Current amplication factor) 
at collector junction, 379 
etching effect on, 386 
Intrinsic range in silicon, 16 
Ion bombardment, 588 
Ionic conduction, 622 
effect on dark current, 603, 604 
in n-p junctions, 596, 597, 606, 608, 
609 
suppression of, on germanium, 606 
Ionization efficiency, 438, 439 
determination of, 19, 20 
Ionization energies, 20, 22, 47 
determination of; 19, 20 
Ionization rate, 146-7, 149, 150, 158, 
164, 165 
as function of field, 161 
in silicon, 156 
as function of field distribution, 150- 
2, 155 
in linear-gradient junctions, 152-3 
in step-junctions, 151-2, 155 
breakdown voltage in obtaining, 155 
definition of, 150 
determination of, 159 
field dependence of, 158 
for electron-hole pair production, 
147, 148, 154, 165 
for p-n junctions, 146 
from injected carrier multiplication, 
157 
temperature coefficient of, 158-61, 
164 
I.R.E. definitions of semiconductor 
terms, 660-4 
I.R.E. standards on letter symbols for 
semiconductor devices, 665-70 


JUNCTION CAPACITANGH, as funetion of 
bias, 167 
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Junction capacitance (continued) 
of alloyed junction transistors, 278, 
279 
variation of, with applied voltage, 
137-8 
Junction diode, minority carrier life- 
time in, 166 
static resistance of, 167 
switching time in, 166-78 
Junction field, 155 
Junction shape effect, on transistor cur- 
rent gain, 387-9 
Junction transistor, 166, 175, 221, 222 
active region, 246, 247, 261 
decay time in, 248 
alpha, 556 
as switching device, 222 (see also: 
Switching transistors) 
base region resistance, 301-5 
base region thickness, 295, 296, 297, 
302 
base spreading resistance, 293-5, 302 
carrier storage effects, 246 
carrier storage time, 246, 247 
calculation of, 248 
characteristics, 225, 229 
collector, 223 
grounded-base collector, 229, 230 
grounded collector, 234, 235 
grounded-emitter, 235 
transfer, 226, 227, 229 
collector capacitance, 223, 236, 260, 
266 
current saturation region, 246, 254, 


de behavior, 223, 227, 228 
decay time, 238, 239, 240, 246, 248, 
261, 262 
as function of turn-off drive, 265 
depletion in layer capacitance, 293, 
297, 299 
design calculations for, 305-10 
design theory, 289-91 
diffusion capacitance, 411 (see also: 
Minority carrier storage) 
equivalent circuit for, 229 
collector saturation region in, 231 
feedback resistance, 302 
frequency cutoff in, 238, 240, 246 
geometry of, 225 
high-frequency effects on, 311 
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Junction transistor (continued) 
high-frequency equivalent circuit for, 
357 
high-frequency noise, 556 
high-frequency performance, 340 
hole flow in, 415 
large-signal behavior of, 273 
large-signal region, 229, 246, 273 
linear circuit elements, addition to, 
228 
load current, 262 
low-frequency behavior of, 335, 336 
minority carrier, admittance of, 
291-3 
density, 247, 248, 249, 254 
storage, 223, 237, 256, 261 
noise characteristics, 557-8 
noise figure in, 554-67 
calculation of, 558-60 
one-dimensional (see: One-dimen- — 
sional junction transistor) 
regions of, for p-n-p, 291, 292 
regions of operation, 223, 235 (see 
also: Active region, current sat+— 
uration region) 
resistance in, 257-8 
small-signal short-circuit admit- 
tances, 320 
barrier capacitances, 319, 320 
electron flow, 316-19, 320 
hole flow, 316, 319, 320 
storage time, 177, 178, 238, 239, 264, 
259, 261, 262, 264, 265 
for symmetrical, 239 
for unsymmetrical, 239, 240-1 
switching circuit, 235 
switching time, 166-78, 223, 236, 
266-71 
symmetrical, 239, 240, 257 
de alpha variation, 233 
resistance in, 257, 258 
voltage drop across, 232 
transient behavior, 223, 236, 230, 
249, 254-8 
transient response, 246 
in active region, 248, 249, 264 
large-signal, 247, 248, 266 
small-signal, 246 
turn-off time, 287-8 
turn-on time, 287, 246 
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Junction transistor (continued) 
two-dimensional, high-frequency gain 
for, 343 
unsymmetrical, 239, 240, 258, 436 
geometry of, 257 
resistance of, 257, 258 
turn-on time, 263 
voltage drop across, 233 
voltage dependence on base-layer 
thickness in, 316 
with n-type channel, 575 
Junction transistor tetrode (see: Tet- 
rodes) 
Junction transistor triodes (see: p-n-i-p 
Transistor) 
Junction width, variation with tempera- 
ture, 159 
Junctions (see: Linear-gradient junc- 
tions; Step-junctions, etc.) 


KR6OMER THEORY, 216 
Kurie plots, 491 


LamBer?’s Law, 491 
Laplace transforms, 166, 194, 250 
for diodes, 178 
in transient response calculation, 246 
Large-signal ac response, analysis of, 
184 
determination of, 184 
Large-signal admittance, 179, 184 
Large-signal behavior, in junction tran- 
sistors, 273, 305 
Lattice defect formation, 485, 489, 490 
for unshielded radiation source on 
- germanium, 482, 483-4, 492 
prevention of, 484-5 
production rate, 492, 495 
volume rate of, 494 
Lattice imperfections (see: Disloca- 
tions) 
Layer thickness, in diodes, 203 
control of, 198 
Lifetime of minority carriers (see; 
Minority carrier lifetime) 
Lineage boundary, 06 
me dislocation density of silicon, 


687 


Linear-gradient junction, 152, 158 
breakdown voltage vs temperature 
for, 160, 161 
maximum field, 160 
multiplication curve for, 157 
temperature coefficient for, 160 
Linvill gain stability criterion, 344, 346, 
351, 359, 364, 366 
Liquid volume, increase in, 94 
Liquid zone, convection currents in, 95 
forced stirring of, 95-6 
Liquid zone cross section, variation in, 
92, 94 
Lithium, diffusion of, into p-type sili- 
con, 486 
Logic circuits, 192 
Low-frequency conductance, 355 


M1778 p-n-p TRANSISTOR (see: p-n-p 
transistor ) 
MAG (see: Maximum available gain) 
Majority carriers, currents, 319 
density, 393 
resistance, 301, 319 
Materials, selection of, 90 
Maximum available gain, 186, 188, 190, 
191, 471 
as Figure of Merit, 186-7 
at high frequencies (see: High-fre- 
quency gain) 
calculation, 356 
for four-terminal, network, 340, 341 
frequency dependence of, 187 
source resistance for, 561-2 
Maxwell-Boltzmann statistics, 393 
Metal-to-semiconductor contact, de- 
scription of, 587 
rectification, 586, 588 
Microplasmas, 165 
Microwave diodes, 192 
Minority carrier admittance, for junc- 
tion transistors, 291-3 
Minority carrier current, across base 
layer, 393, 403 
Minority carrier delay diode, 201-8 
attenuation effect, 205-6 
forward bias in, 206 
impedance caleulation for, 202-8 
Minority carrier density, 117, 118, 177, 
28, 243, 240, 202, 303, 692 
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Minority carrier density (continued) 
at the surface, 572 
in junction transistors, 247, 248 
Minority carrier lifetime, 48-9, 166, 
192, 292, 485, 596 
effect of finite, in base layer, 393 
moisture effect on, 600 
radiation effect on, 484 
Minority carrier ratio, calculation of, 
385 
etching effect on, 383 
for p-n-p junction transistors, 384 
Minority carrier storage, 179, 191, 261 
effect on switching time, 433 
in base region, 298 
in switching circuits, 276 
Minority carriers, 421, 425, 482, 439, 
532 
control of, 421 
current dependence of, 439 
definition of, 89 
diffusion of, in p-n junctions, 191 
diffusion currents for, 310 
diffusion equation for, in hemispher- 
ical diodes, 172-5 
in junction transistors, 291, 296 
in planar diodes, 170-2 
diffusion of, 284 
flow of, in junction transistors, 296 
from collector-to-base, 428 
generation of, 588 
in solar energy converters, 504 
injection of, 192, 514, 516 
lifetime of, 105 
in germanium, 80-90, 91 
in zone leveled crystals, 105 
multiplication of, 588 
removal of, 188, 192 
surface recombination of, 572-3 
transit-time dispersion of, 378 
Mobility, 13, 19, 20, 40, 49, 515 
across base layer, 403 
as function of resistivity, 155 
carrier, 16, 393 
conductivity, 16 
drift, 16 
electron, 395 
Hall, 16, 19, 20, 21 
hole, 40 
impurity effects on, 42 
in field-effect transistors, 517 
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Mobility (continued) 
in narrow well, calculation of, 588 
reduction in, 395 
Moisture effects (see: Humidity; 
Water vapor effect) 
Multiple scattering, effect of, on elec- 
trons, 494 
on emergent energy spectrum, 495 
Multiplication, as field function, 146-7, 
165 
collector, 319, 320 
effects, at surface breakdown, 644 
in avalanche transistors, 438 
in hook transistors, 432 
in p-n junctions, 145, 147 
of electrons, 141, 145, 149 
of holes, 141, 145 
Multiplication curves, 156 
for linear-gradient junctions, 158 
measurement of, at various tempera 
tures, 159 
of a junction, 158 
Multiplication measurements, by care 
rier injection, 157 


NARROW-BASE DIODE, 169 
callector phase of, 176 
current flow during, 176 
constant-current phase of, 175 
diffusion equation for, 175 
minority carrier density in, 177 
storage time in, 177 
transforms for, 178 
Negative resistance, 197, 217, 219, 4 
430, 432, 441, 450 
ac, 438 
de, 439 
differential, 438 
from transit time effects, 198 
gas tube, 439 
in field-effect transistors, 524, 626 
Negative resistance devices, 217, 480, 
438 
Neutralization, 361, 362, 366 
capacitance-type, 364 
of common-emitters, 363-5 
Noise, as function of breakdown 
rent, 163 
in silicon, 1612 
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Noise (continued) 
increase, 191 
properties, relation of, to slow-state, 
592 
Noise figure, 557, 559 
as function of, emitter current, 561 
frequency, 554, 555, 556 
source resistance, 560-3, 565 
calculation of, 558-60 
common-base, 558, 559, 560, 565 
calculation of, 565-7 
common-collector, 558, 559, 560, 564 
in junction transistors, 554, 558 
measured, vs calculated, 564 
minimum, conditions for, 563-4, 565 
two-generator transistor equivalent 
circuit, 555 
Nonlinear equations, 224-8 
Nonregenerative transistor switches, 
222 
Normalized voltage, for p-n junctions, 
143, 144 
n-p junctions, breakdown voltage in, 
430 
channel detection in, 599 
channel formation in, 596-7 
ideal field distributions for, 151 
photoresponse of, 579-8 
reverse current in, 599 
as function of light intensity, 605 
reverse current-voltage characteris- 
ties of, 598, 608 
saturation current for, 600-1 
surface recombination rate in, 596 
n-p-i-n transistors (see: p-n-i-p tran- 
sistors) 
n-p-n germanium transistors, as switch- 
ing devices, 271 
channel formation in, 596 
n-p-n grown junction transistors, physi- 
cal parameters for, 305-7 
n-p-n junction transistors, 423 
channel effect on, 588 
regions of operation for, 223 
with n-type channel, 575 
n-p-n transistor, 38, 226, 280, 282, 234, 
421 (see also; Germanium alloyed 
junction transistors) 
alpha variation in, 282 
channel conductance in, 500 
channel formation on, 615, 620, 621 
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n-p-n transistor (continued) 
conductivity in, 40 
current amplification factor for, 414, 
416 
design of, 268, 288 
deterioration of, 638 
energy level for, 39 
majority carrier concentration in, 
variation of, 350 
moisture effect on, 608 
transfer characteristics for, 227 
variables for, 280 
n-p-n-p junctions, 142, 145 


OHMIC BASE RESISTANCE, 334, 338, 362 
(see also: Base resistance) 
low, 334 
Ohmic base spreading resistance (see: 
Base spreading resistance, ohmic) 
Ohmic contact, 175, 598 
non-injecting, 217 
Ohmic resistance, 557, 575 
One-dimensional junction transistor, 
340 
alpha frequency cutoff in a, 298 
depletion layer capacitance in, 299- 
300 
diffusion current admittances in, 
296-9 
equivalent circuit for a, 295, 298, 303 
grounded-emitter parameters for, 
354-8 
minority carrier flow in, 296 
Open-circuit collector conductance, in 
fused junction transistors, 309, 
310-11 
Open-circuit feedback voltage ratio, 
309, 311 
Open-circuit voltage, 507 
as function of temperature, 509, 510 
de, 185 
in semiconductors, 499, 500 
Optical radiation, 473, 479, 490 
Oscillation frequency, 551-3 
Oscillators (see: Tetrodes, as oscilla- 
tors) 
Output admittance, 207, 800, 819, 333 
Oxide surfaces, 615, 617 








690 


Oxygen effects on, alloyed junction 
transistors, 638, 641 
alpha, 629 
breakdown voltage, 628, 629, 634-7 
reverse current, 627, 628, 634-7 
Oxygen pressure, effect on, alloyed 
junction transistors, 632 
alpha, 630 
breakdown voltage, 630 
reverse current, 631 


PERIPHERAL TENSION, 98, 101 
Phonon distribution, 20 
Photocell, p-n junction, preparation of, 
31 
Photoconductivity, decay, 24-5 
for recombination velocity meas- 
urements, 577 
effects, on current, 139-43, 144 
on injected electrons and holes, 
141 
normalized yield curves of, for p-n 
junctions, 144 
Photocurrent, 646 
moisture effect on, 601 
under breakdown conditions, 646 
Photomultiplication, at channel-to- 
bulk junction, 590 
Photon absorption, 491 
Photon distribution of semiconductors, 
479 
Photon energy, 479 
Photorelay, 452 
Photoresponse, curves, 599, 604, 616, 
617 
of n-p junctions, 597-8 
water vapor effect on, 598-9 
p-i-n diode, 116 (see also: Variable 
capacitor) 
conductivity modulation effects in, 
124, 127 
current density of, 132, 133 
high current effects in, 120-5 
low current effects in, 125-32 
nonlinear recombination, 132-4 
parameters for, 117 
recombination effects in, 120 
voltage-current characteristics of, 
124 
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p-i-n silicon diode, resistance of, 116 
Planar diode, 166, 169, 189 
constant current in, 170 
minority carrier diffusion equation, 
170-2 
storage time in, 174 
transforms for, 178 
Plastic strain distribution, 111 
p-n diode, conductivity modulation ef- 
fects in, 125 
voltage-current characteristics of, 
124 
p-n junction, 31, 38, 190 (see also: 
Silicon p-n junctions) 
as solar energy converter, 472 
breakdown characteristics, 41 
bulk, 180, 181 
channel formation on, 615 
characteristics, 41, 118, 119, 126, 135, 
621-2 
complex current, 183 
conversion gain, 190-1 
conversion matrix, 186 
current-voltage characteristics of, 
135, 621-2 
definition, 180 
design theory for, 290 
electron-hole pairs produced near, 
476 
energy bands for, 167, 168 
forward current in, 167 
hole concentrations in, 181 
hole density in, 168 
in silicon, 497 
maximum available gain, 186 
minority carrier density in, 167, 168 
multiplication of charge carriers in, 
135 
noise in, 187, 592-3 
potential, 169 
radioactive, 473 (see also: Radio- 
active p-n junction cell) 
reverse bias in a, 420, 513 
space-charge voltage, 170-1 
stability, 47 
strongly extrinsic analysis, 182 
variable-resistor action in a, 188 
voltage, 170, 171 
p-n junction devices, 179, 180 
p-n junction diodes, de behavior of, 224 
nonlinearity in, 224 
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p-n junction transistors, 182 
hole concentration in n-region of, 
182, 183 
nonlinearity in, 224-5 
p-n-i-p transistors, 182, 328, 370 
acceptor concentration in, 334, 336 
alpha frequency cutoff, 336, 338 
base region in, 331-3 
design of, 334 
collector region in, 336 
depletion layer in, 329-31 
capacitance of, 329, 332, 333, 334, 
338 
design of, 334 
design comparison of, with junction 
transistors, 336-8 
design limitations, 334 
design objectives, 333, 338 
diffusion transit time in, 329 
donor concentration, 334 
drift transit time in, 329 
effect of operating biases, 329 
effect of thick layer depletion layer 
in, 326, 327, 328, 335 © 
effect of thin collector depletion layer 
in, 327 
emitter region in, 333 
equivalent circuit for, 333 
fabrication of, 338 
Figures of Merit for, 337 
frequency range in, 328, 329 
hole injection ratio for, 333-4 
impurity distribution in, 329, 330, 
333 
measurements on, 338-9 
oscillation frequency of, 326 
power gain in, 328 
structure, 329 
p-n-p alloyed transistor, current den- 
sity, 380, 381 
emitter-to-collector area ratio, 385-7 
emitter efficiency, 379 
hole density, 379 
excess, 379, 380, 381, 382, 383 
holes, diffusion length for, 380 
minority carrier current, 379, 380, 
383 
minority carrier ratio, 884 
steady-state equation for, 880 
surface recombination velocity for, 
380, 886 
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p-n-p diode (see: Minority carrier de- 
lay diode; Unipolar diode) 
p-n-p fused junction transistors, fre- 
quency response parameters, 308 
h parameters, 309 
physical parameters, 307-8 
transmission parameters, 308 
p-n-p germanium transistors, current 
gain in, 430 
p-n-p graded junction transistors 
(grown crystal), impurity dis- 
tribution in, 329, 330 
p-n-p junction transistor, 312, 421 
hole flow in, 384-5, 386 
intrinsic current gain in, 384 
regions of operation for, 223 
p-n-p structure, uses of, 190 
p-n-p transistors, 226, 230, 2382, 234, 
243 (see also: Germanium alloyed 
junction transistor; Junction tran- 
sistors) . 
alpha variation in, 282, 283 
base spreading resistance in, 321-2 
boundary conditions in, 243-4, 245 
channel conductance, 579 
current amplification factor for, 414 
variation of, with emitter current, 
414-5 
design of, 287, 288 
equivalent circuit for, 304 
large-signal transmission in, 304-5 
M1778, 337 
potential distribution in, 406 
small-signal transmission in, 295-301, 
304 
surface leakage in, 304 
surface recombination velocity in, 
415 
p-n-p-n diode (see: Hook transistor) 
p-n-p-n switches (see: p-n-p-n transis- 
tors) 
p-n-p-n transistors, alpha variation in, 
450 
applications of, 438, 451-2 
current in, 439 
design of, 440, 451 
parameters for, 442-5 
impedance characteristics of, 442, 443 
resistance of, 451 
silicon, 445 (see also; Silicon pen-pen 
translators) 
































692 


p-n-p transistors (continued) 
two-terminal, 438, 448 
sustained voltage of, 452-4 
voltage drop across, 444 
voltage-impedance characteristics of, 
439, 440, 441, 443 
Point-contact diode 4, 179 
current drift in, 590 
Point-contact rectifier, 191 
Point-contact semiconductor diode, 224 
Point-contact transistors, 224, 420, 421, 
432, 436, 437, 439 
limitations of, 433 
regions of operation for, 223 
Point-contacts, behavior of, 586-8 
Point size, 191, 192 
Poisson equation, 120, 526, 649 
Polygonization, in bent crystals, 111 
Potential distribution, 217, 218 
Power transistor, alpha frequency cut- 
off for, 372, 377 
base-layer thickness, 372-3 
base resistance, 371-2 
breakdown voltage, 373, 375 
circuit characteristics of a, 369 
current amplification factor in, 369, 
372-3, 375, 377 
cutoff frequency, 369, 370, 371 
current gain in, 369, 377 
current transfer in, 373, 374 
design, 367-78 
equivalent circuit, 368-9 
frequency response in a, 369 
maximum voltage in a, 370, 373, 375, 
376, 377 
mounting, 376-7 
optimum resistivity in a, 375-6, 377 
power gain in, 369, 370, 371, 377 
power output in, 369, 370, 377 
unity-alpha voltage in, 375 
Pulse amplifiers, 179, 231, 234, 271 (see 
also: Common-emitter pulse am- 
plifier) 
diodes as, 193 
Pulse characteristics, in silicon n-p 
junctions, 162-3 
Pulse generators, 271 
Pulse rise time, in p-n junctions, 143, 
145 
in switching circuits, 271 
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Pulse rise time (continued) 
limitations of, in common emitter 
amplifier, 284 
Pulses, amplification of, 193 
Punch-through, 272 
electrical, 327, 375 
emitter junction, 275 
voltage, 280 
Purification of silicon, 1, 3, 4-10 
by zone-refining, 4, 8-10 


QUANTUM EFFICIENCY, 490 


RADIATION, ABSORBERS FoR, 484-5, 490, 
494, 495. 
electron transport through, 492-3 
non-scattering, 494 
Radiation damage, 474 
prevention of cumulative, 489, 490 
to semiconductors, 473, 485-6, 489 
Radiation energy, 478 
for high-energy electrons, 479 
Radiation, gamma (see: Gamma radia- 
tion) 
Radiation, optical (see: Optical radia- 
tion) 
Radiation sources, 474, 479 
strontium®°-yttrium®, 479, 481, 482 
Radioactive elements, 480, 481 
Radioactive p-n junction cells, 473, 489 
boron diffused silicon, 480 
circuit efficiency of, 478-9 
construction of, 473-4 
current-voltage characteristics, 475, 
476 
design of, 474-5 
equivalent circuit for, 475, 476 
load resistance of, 478 
power source for, 475-6, 477, 480 
radioactive source in, 474, 479 
strontium®?-yttrium®, 486 
cost of, 495 
with germanium power source, 
488-9 
with silicon power source, 486-8, 
489, 490 
temperature effect on, 488, 489 
wavelength of, 480 
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Radioactive power source, 480-2 
Radioactivity, as electrical power 
source, 472, 473 
Reciprocity failure, 191 
Recombination, carrier, 479 
effect in middle region of diode, 126 
equilibrium, 578 
holes and electrons, 19, 40, 578-9 
in contacts, 118 
in diodes, 120-34, 177 
in semiconductors, 478 
nonlinear, in p-i-n diode, 132-4 
of injected carriers, 192, 482 
surface, 41 
velocity of, 24 
variable-resistor action, 188 
Recombination centers, 48, 582 
density of, 577 
surface states as, 579 
Recombination rates, 588 
high, 582 
Rectifier, conductivity modulated, 120 
Resistance, as function of saturation 
current, 241-2 
emitter-to-collector, 425 
magneto-, 18 
negative gate, 524-5 
on, 451 
piezo-, 18 
Resistance, spreading, 181 
constant, 182 
in base layer, 257 
in germanium, 427 
in symmetrical and unsymmetrical 
transistors, 257 
Resistivity, longitudinal, control of, 
92-4, 102, 106 
variations in, 91 
Resistivity, uniformity of, in crystals, 
89, 102, 106 
Reverse bias capacitance, 115 
Reverse-biased semiconductor junc- 
tions, 27-8, 420 
breakdown in, 421 
Reverse breakdown voltage, 182, 421 
(see also; Collector breakdown 
voltage) 
Reverse current, 178, 206, 440 
as function of light intensity, 604 
effect of channel length on, 605 
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Reverse current (continued) 
excess, as function of applied voltage, 
617, 620 


correlation of, with channel length, — 


615 
of n-p-n alloyed junction transistor, 
627, 631, 632, 633 
of p-n-p alloyed junction transistor, 
628, 631, 632, 633 
Reverse dark current, as function of 
humidity, 610 
as function of voltage, 609 
moisture effect on, 601, 609 
of germanium n-p junction, as func- 
of temperature, 606 
voltage characteristics of, 610 
Rise time, 278, 286 
in common-emitter circuit, 276-8, 
284 
as function of alpha, 276-7 


SATURATION CURRENT, 430, 443, 449, 
618, 620 
as carrier source, 143, 144 
as function of resistance, 241-2 
calculation of, in n-p junctions, 600-1 
moisture effect on, 608 
of collectors, 241 
Saturation current density, in diodes, 
119 
Saw-tooth waves, generation of, 452 
Schottsky-type barrier, 151 
Screw dislocations, 112 
Seebeck effect, 19, 20, 21 
Segregation coefficients, 87-8 
of germanium, 86 
variation of, with growth rate, 94 
Semiconductor devices, letter symbols 
for, 665-70 
Semiconductor diodes, design of, 179, 
180 
use of, as frequency converters, 180 
Semiconductor terms, definitions of, 
660-4 
Semiconductors, 37, °479 (see also: 
Germanium; Silicon) 
bulk behavior of, 587 
contact potential, S745 
Debye length of, 640 
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Semiconductors (continued) 
dielectric constant for, 649 
impurities in, 38, 40 
open-circuit -voltage in, 499, 500 
photon distribution in, 479 
properties of, 38-9, 40-1, 43-4, 48-9, 
499, 500 
recombination in, 478, 490-1 
reflection coefficient for, 479 
short-circuit currents in, 498 
Short-circuit ac admittances, 319-20 
Short-circuit current transmission, in 
fused junction transistors, 309, 310 
Short-circuit currents, in semiconduc- 
tors, 498 
in solar energy converters, 501, 508, 
509 : 
Short-circuit reverse current, 166 
Shot noise, 191 
in superheterodyne conversion, 187 
Silanes, thermal decomposition of, 5 
Silicon, absorption band, 479 
acid leaching of, 4 
as solar energy converter material, 
500 
boron diffused, 507 
surface resistivity of, 505 
boron removal from, 45 
breakdown properties of, 165 
carrier behavior in, 16 
carrier concentration. in, 3, 19, 20, 21, 
22 
carrier lifetime in, 23-4 
conductivity of, 19, 43 
dielectric constant for, 18, 138 
distribution coefficients of, 10, 44-5, 
46 
doping, 19 
electron drift mobility, 155 
electron multiplication in, 135 
energy bands, 18 
energy gap, 3, 15, 16, 17, 18, 38,- 48, 
475, 500 
frequency limits in, 4 
Hall effect in, 19, 22 
impurities in, 3, 8, 10, 42, 43 
diffusion’ constants for, 12-13 
properties of, 44-9 
intrinsic range in, 16, 17, 19 
ionization energies for, 47 
ionization rate for, 165 
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Silicon (continued) 
lifetime, 43, 44 
light emission from, 165 
magnetoresistance in, 18 
mobility, 40, 42 
optical absorption edge for, 16, 18 
photo incidence rate for, 480 
piezoresistance, 18 
p-n junction, 3 
preparation of, 4 
by reduction methods, 4-5 
properties of, electrical, 16-19 
optical, 15-16 
physical, 13-14 
purification of, 1, 3, 4-10 
purity of, 3-4, 5 
radiation effects on, 473, 485 
radiation energy for, 479 
recombination coefficients in, 23 
recombination surface velocity in, 24 
reflection coefficient of, 480 
resistivity of, 3, 5, 8, 18, 19, 25-6, 29, 
154, 155, 475 
solubility relationships in, 10-12 
spin resonance measurements for, 47 
temperature coefficient for, 16 
threshold energy of, 482 
trapping in, 23-5 
Silicon compounds, reduction of, 3, 5 
Silicon crystal growing, 5-10, 13-14 
apparatus for, 5-10 
by pulling technique, 5 
contamination during, 8, 10 
doping, 7, 19 
rotation effect, 14 
zone-refining, 7, 8-10 
Silicon crystals, etching of, 108 
imperfections in, 13-14 
linear dislocation density of, 109 
low angle boundaries in, 109 
Silicon devices, 497 
frequency limits of, 4 
Silicon diodes, 28-30 
conductivity modulation effects on, 
115, 125 
electrostatic potential of, 118 
preparation of, 29-30 
recombination in, 118, 119 
saturation current density in, 119 
space-charge neutrality in, 120 
Silicon dioxide, reduction of, 4 
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Silicon junction, alloyed type, 31 
Silicon n-p junctions, 149 
breakdown in, 149 
breakdown voltage in, 655 
internal field emission in, 164, 165 
moisture effect on, 596-613 
noise in, 161 
pulse characteristics, variation of, 
162-3 
reverse dark current of, as function 
of humidity, 610 
as function of voltage, 609 
Silicon n-p-n transistor, alpha varia- 
tion in, 448 
diffused, 448 
Silicon, n-type, 18 
boron diffused, 507 
Silicon p-n junctions, 26, 31, 497 
alpha bombardment of, 142-3 
breakdown region in, 137 
characteristics of, 136 
capacitance-voltage, 137-9 
current-voltage, 136-7 
diffused, 26-9 
humidity effect on, 27-8 
ionization rate for, 146, 147 
‘ight emission from, 26-7 
multiplication in, 144, 147 
noise in, 27 
photocurrent in, as a function of 
applied voltage, 140 
recombination in, 118 
reverse-biased, 27-8 
uses of, 31 
Silicon p-n-p transistors, alpha varia- 
tion in, 448, 450 
Silicon p-n-p-n transistors, 445 (see 
also: p-n-p-n transistors) 
alloyed, 446 
alpha, variation in, 448 
diffused, 445 
current-voltage characteristic of, 
446-7 
Silicon, p-type, 486 
cyclotron resonance in, 18 
diffusion length in, 487 
Silicon solar energy converters, 497- 
511 
boron diffused, 511 
characteristion of, 607-0 
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Silicon solar energy converters (con- 
tinued) 
current-voltage characteristics of, 
498, 499, 501-3 
in sunlight, 508, 510 
design of, 503, 504-7, 508, 511 
efficiency of, 498, 501, 505, 509, 511 
maximum available power, 498, 503, 
505, 508 [506 
as function of p layer thickness, 
maximum converted power, 500 
maximum power density, 501 
as function of width, 506-7 
parameters for, ideal, 498-501 
length, 504 
non-ideal, 501-10 
series resistance, 503 
temperature effect, 507 
width, 506-7 
short-circuit current in, 501, 507 
Silicon step-junctions, breakdown volt- 
age in, 159 
maximum field in, 156 
Silicon surface behavior, 593 
Silicon tetrachloride, hydrogen reduc- 
tion of, 5 
zine vapor reduction of, 5 
Silicon transistors, 30 
alloyed type, 30 
grown junction, 30 
high-impedance, 30 
n-p-n, 30 
point-contact, 30 
preparation of, 3-1, 30, 31 
Sine-wave oscillations, 456 
produced by tetrodes, 468 
Single crystals, preparation of, 85 
Slow state (see: Surface states) 
Small-signal admittance, 184, 186, 187, 
194 
frequency dependence of, 187 
of one-dimensional junction tran- 
sistor, 295 
Small-signal differential equation, 491 
Small-signal diffusion admittance, 179, 
180, 491 
Small-signal transmission, in p>n-p 
transistors, 205-301, 804 
theory for junction transistors, 810~ 
I 
Solar battery, 31 
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Solar energy, 31-2, 479-80, 490, 496 
conversion to electrical energy, 497, 
511 
Solar energy converters, p-n junction, 
472 (see also: Silicon solar energy 
converters) 
Solid diffusion technique, 501 
Solubility (see: Impurities, properties 
of) 
Solute concentration, 92 
at equilibrium, 95 
at finite growth rates, 95 
curves for, 88 
in solid, 87 
rise in, 94 
Solute distribution, 88 
Solutes, segregation coefficients for, 
87-8 
Source, 516 
Source resistance, 567 
effect on noise figure, 560-3, 565 
Space-charge, limited emission, 208 
215, 219, 332, 335, 514, 515 
limited hole flow, 209, 217 
of carriers, 208 
Space-charge current, 169 
Space-charge layer, widening of, 271, 
355 
Space-charge layer width, 282, 333, 347 
in alloyed junction transistor, 279- 
81, 284 
Space-charge layer punch-through, 
423, 431, 4382, 433 
Space-charge neutrality, 120 
Space-charge region, 432, 649, 657 
Space-charge theory, 206 
Space-charge voltage, 168 
Square-root mobility theory, 526-31 
Staueffekt, 217 (see also: Hole mo- 
bility) 
on hole density, 218 
on potential distribution, 218 
Steady-state equation, 380 
Step-junctions, 151, 158, 162 (see also: 
Alloyed junction transistors; Sili- 
con step-junctions) 
alloyed, breakdown voltage in, 154 
impurity distribution in, 329, 330 
barrier capacitance, 299 
breakdown voltage for, 159, 160, 161, 
164 


, 
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Step-junctions (continued) 
resistivity in, 431 
space-charge region in, 151 
temperature coefficient for, 160 
Stirring currents, 96 
Stirring, inductive, 101 
Storage capacitance, 298, 300, 306 
hole, in p-n-p fused junction tran- 
sistor, 308 
Storage time, 174, 246, 247, 248, 254, 
259, 260, 261, 271 
as function of turn-off drive, 264 
decrease of, with decrease in junction 
radius, 176-7 
for common-emitter circuit, 277, 278 
Strontium, 481, 493 
Strontium, beta radiation, 472, 473 
beta spectrum, 482, 496 
Strontium®-yttrium? layer, 479, 481, 
482 (see also: Radioactive p-n 
junction cells) 
emergent energy spectrum for, 484, 
485 
lattice defects in, 483-4 
Supercooling, constitutional, 96, 97 
Superheterodyne conversion matrix, 
179, 180, 185 
Surface, absorption, 583 
of gases, 584 
chemical preparation of, 581 
chemical structure of, 583 
sensitivity, 638 
electron density, 573, 579 
electronic properties, 573 
etched, 576 
ionization of, 583 
n-type, 577 
oxygen effect on, clean germanium, 
585 
etched germanium, 584-5 
p-type, 577 
sandblasting of, 581-2 
slow states at, 583 
structure, 581 
Surface barrier transistor, 337 
Surface breakdown, 422, 425, 643-60 
as function of body resistivity, 657-9 
as function of surface-charge density, 
654-5 
avalanche phenomenon in, 643, 649, 
656 
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Surface breakdown (continued) 
effect of dielectrics on, 647, 654 
in avalanche transistors, 427 
multiplication effects at, 644-6, 648 
one-dimensional theory of, 652-5 
prevention of, 644 
space-charge region in, 649 
surface charge in, 649-52 
Surface charge, 649-52, 655, 656-7 
density, 658-9 
Surface conductance, 576, 578, 588 
as function of partial water vapor 
pressure, 584 
as function of surface treatment, 576 
calculation of, 579, 580 
charge versus, 579 
curves for, 571, 572 
decrease in, 588-9 
determination of, 574-5, 578, 586 
equilibrium, 578-9 
field-induced, 573-4 
for germanium, 571 
measurement of, 577 
surface recombination velocity ver- 
sus, 573 
under point contacts, 587 
Surface conduction channels, 575 
Surface leakage, 295, 304, 588-92, 593 
Surface measurements, 576, 580 
Surface oxide effects, 638 
Surface recombination, 301, 404, 417- 
18 
effect on holes, 383 
Surface recombination velocity, 183, 
380, 392, 408, 572-3, 576, 577, 
578, 581, 596 
absolute value of, 389-91 
as function of surface conductance, 
573 
effect on collector-base current gain, 
387-8 
electric field effect on, 410 
in n-p junctions, 596, 600 
in p-n-p transistors, 415 
measurement of, 378, 390, 577 
of minority carriers, 572 
reduction in, 655 
surface treatment effects on, 880-01 
variation of, with bulk density, 577 
with relative humidity, 600, 601, 
G02 


Surface states, 574 
behavior of, 575 
capture probability in, 580, 592 
capture times, 581, 592 
density of, 577, 579, 582, 586 
energy of, 583 
fast, 568, 569, 578, 580, 581, 587 
charge in, 579 
density of, 580, 581, 655 
moisture effect on, 583 
slow, 568, 569, 578, 579, 580, 581, 
582, 583, 587, 592, 655 
capture times of, 592 
decay in, 580 
density of, 580 
surface treatment of, 585 
transient behavior of, 590 
trapping, 580 
Surface treatment, 571, 577 
chemical, 581 
effects on surface recombination ve- 
locity, 389-91 
of metal-to-semiconductor contacts, 
587 
of surface states, 585 
sandblasting, 581-2 
Tamm, 582 
Switches (see also: Common-emitter 
pulse amplifier circuit) 
common-emitter, 275 
ac impedance of, 275 
current carrying ability of, 275 
off-impedance, 273-4 
on-impedance, 274-5 
open-circuit voltage, 276-8 
requirements for, 272-3 
in common-emitter pulse amplifier 
circuit, 273-8 
switching speed, 276-8 
Switching circuits, 167, 235, 241 
common-base, 250 
transistor response in, 251 
common-collector, 250 
transistor response in, 253-4 
turn-off time, 261 
common-emitter, 250, 251, 257, 258, 
260, 275 
rise time in, 276-8 
transistor response in, 2512 
turnoff time, 2601 
for polntecontact transiators, 482 
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Switching circuits (continued) 
space-charge voltage, 178 
Switching devices (see: Avalanche 
transistors; Germanium alloyed 
junction transistors; p-n-p-n tran- 
sistors) 
Switching speed, in p-n-p-n transistor 
design, 445 
Switching time, 166, 167, 236, 263, 266 
carrier storage effects in, 246 
collector capacitance effects on, 241 
collector-current cutoff, 258 
current-off to current saturation, 
236-7 
current saturation to current-off, 237 
current saturation region to active 
region, 265, 266-71 
frequency cutoff in, 240, 246, 266 
large-signal, 249, 258-62, 264-5 
in current saturation region, 258- 
9, 260 
minority carrier storage effect on, 
433 
small-signal, 249 
in active region, 249-54, 255, 258 
in current saturation region, 249, 
254-8, 259 
Symbols, 195, 196, 322-5 


TALKING PATH SwITcH, 451 
Tamm states, 582 
Teal-Little technique, 98, 338 
Teledeltos recording paper, 384 
Temperature, effects of, on growth 
rate, 94, 97, 101 
on zone volume, 92 
Temperature coefficient, for junctions, 
160, 161 
for low fields, 161 
of ionization rates, 158-61 
determination of, 159 
of multiplication curve, 158 
Temperature control, during zone 
leveling, 92 
Temperature gradients, for growth 
rates, 97, 101 
Tetrodes, alpha, frequency dependence 
of, in, 464 
alpha cutoff frequency, 461, 462 





INDEX 


Tetrodes (continued) 
as band-pass amplifier, 457, 467 
as common-base amplifier, 456, 462, 
465 
output impedance of, 466- 
power gain for, 464, 465 
as oscillators, 468 
base resistance, 456, 457, 463, 466-7 
reduction of, 457, 459, 460; 462, 
463, 464 
variation with frequency, 464-5 
bias effect, 457, 458, 459, 460, 461 
collector capacitance, 457, 463 
cutoff frequency, 457, 459, 460, 461, 
463, 464 
as function of alpha, 462 
as function of frequency, 461, 462 
equivalent circuit for, 458, 461, 463 
frequency, base impedance as func- 
tion of, 470 
collector impedance as function of, 
471 
emitter impedance as function of, 
470 
power gain as function of, 471 
frequency oscillation in, 468-9, 471 
high-frequency performance of, 457, 
462, 465, 469 
high-frequency properties of, 457, 
459, 462 
low-frequency properties of, 458, 
463, 464 
materials for, 469 
Thyratron, 451 
Townsend beta mechanism, 423 
Townsend breakdown, 622 
Townsend theory, 149, 150 
Transconductance (see: Field-effect 
transistors, transconductance) 
Transient current, 193 
calculation for, 194, 195 
Transient response, 219, 264 
calculation of, 246, 248 
in junction transistors, 246, 249 
in unipolar diodes, 208 
large-signal switching time, 249, 258 
62, 266 
load resistance, 254, 257 
small-signal, in active region, 240- 
54, 2565, 261, 262 
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Transient response, small-signal (con- 
tinued) 
in current saturation region, 249, 
254-8 
Transistor behavior, base-layer im- 
purity distribution effect on, 392- 
404 
Transistor noise equivalent circuit 
(see: Equivalent circuits) 
Transistor parameters, 554 
effect of impurity distribution on, in 
base-layer, 392-403 
Transistor switch, 235 
off, 235, 247, 248 
on, 247, 248 
open, 234, 235 
voltage drop across, 232, 233 
Transistors (see also: specific types 
such as, Analog, Avalanche, Field- 
effect, etc.) 
alloyed, 445 
alpha of, 396 
bipolar (see: Junction transistors) 
diffused junction, 422 
diffusion in, 445, 446 
nonplanar, 249 
planar, 249 
stability of, 365, 366 
unipolar (see: Analog transistors; 
Field-effect, transistors) 
Transit time, 213, 215, 392, 433 
decrease in, 393 
dispersion, 378, 391 
effect of excess donor distribution 
on, 398, 399, 400 
for constant mobility case, 531, 549- 
50 
for holes, 334, 335, 336, 396 
for minority carriers, 404 
for non-constant mobility case, 549- 
50 
for uniform base layer, 397 
Transition region, capacitance, 181, 
182, 186 
edge, 182 
hole concentration at edge of, 183 
instantaneous action, 182 
widening of, 182 
Transport factor, 854, 855 
effect of excess donor distribution 
on, 398, 401 


699 


Transport factor (continued) 
frequency cutoff, 397 
frequency effects on, 393 
Transport mean free path, 495, 496 
Transverse sheet resistance, 392, 396 
effect of excess donor distribution 
on, 400, 401 
exponential, 399 
linear, 398 
uniform, 398 
of base layer, 395 
collector voltage effect on, 401 
Trapping states, 580 
Triodes, 457, 458, 463 (see also: p-n-i-p 
transistor) 
power gain in, 327-8 
Turn-off time, 237-8, 260-1, 266 
decay time as function of, 265 
from current saturation to current 
cutoff, 259, 260 
reduction of, 266 
Turn-on current, 450 
Turn-on time, 265, 277 
as function of driving current, 237, 
263 
from emitter cutoff to current satu- 
ration, 259 
reduction of, 266 


Unirormirty, cross-sectional, 91, 94-6 
Uniformity, longitudinal, 91-4 
Unilateral gain, 186 
Unilateralization (see: Neutralization) 
Unipolar diodes, 208 
convergent flow in, 219-20 
p-n-p, 208 
decay in, 210 
drift velocity, 213 
hole density in, 210 
hole mobility in, 217 
impulsive impedance, 214-16 
negative resistance in, 217 
relaxation time in, 209 
transient response in, 209 
voltage, 209 ; 
p-p-p, with doped ends, 217 
resistance of, 218 
Unipolar transiator (sees Analog trans 
wintore; Mieldeeffeot transatora) 
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Unit quantum yield, in reverse-biased 
p-n junction, 139 
Up-converters, 187, 190, 192, 193 


VACUUM BAKING, 624-5, 632 
Vacuum capacitor, 513 
Van der Ziel circuits (see: Equivalent 
circuits, transistor) 
Variable-capacitance behavior, 190, 
192 
Variable-capacitor diode, 184, 189, 193 
effective diffusion length, 194 
frequency dependence, 189 
planar, transient current for, 195 
Variable resistor, 192 
behavior, 190 
hemispherical, 193 
effective diffusion length, 194 
transient current, 194, 195 
in logic circuits, 192-3 
planar, 193 
effective diffusion length, 194 
transient current, 194 
Variable resistor diode, 184, 187, 191 
diffusion in, 188 
frequency dependence of, 188 
hemispherical, frequency of, 190 
- Voltage, as function of alpha, 422, 423, 
424, 425, 426 
collector, 437 
dependence on base layer thickness, 
811, 316 
determination in transistors, 422 
emitter-to-base, 425 
feedback, 301, 321 
feedback effect i in, 301 
Voltage-current characteristic, 134 
in conductivity modulation range, 
128 
of p-i-n diode, 124, 134 
of p-n diode, 124, 134 
Voltage drop, in diodes, 120 
across symmetrical junction tran- 
sistors, 232 
across unsymmetrical junction tran- 
sistors, 233 
Voltage-feedback factor, 354, 355, 357 
Voltage, instantaneous, 183, 185 
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Voltage, open-circuit (see: Open-cir- 

cuit voltage) 

Volume, factors, affecting, 92 
temperature variation on, 92 
uniformity of, in zone leveling, 91-2 

Volume recombination rate, 404, 408, 

412-13, 417 


WaFER SURFACES, alloying of, 338 
Water-vapor effect, on alloyed junction 
transistors, 627, 628, 629, 632, 634— 
7, 641 
on dark current, 601 
on germanium n-p junctions, 596- 
613 
on minority carrier lifetime, 600 
on n-p-n transistors, 608 
on photocurrent, 601 
on photoresponse, 598-9 
on saturation current, 608 
on silicon n-p junctions, 596-613 
Water-vapor pressure, effect on alloyed 
junction transistors, 631, 632 
Welded-contact diode, 191 
Weymouth theory, 493 
Work function, 574, 586 (see also: 
Contact potential) 
reduction in, 575 


Yrrrrum®, 473, 481, 489, 490 
beta radiation for, 472 
beta spectrum, 482, 483, 486, 491 
emergent energy, 484, 493 


ZENER BREAKDOWN, 622 

Zener emission, 135, 147, 149 

Zener theory, 136, 164, 656 
Shockley modification of, 137 

Zone length, control of, 92 

Zone leveled crystals, etch pit densities 

in, 105 

fluctuations in, 104 
minority carrier lifetimes of, 105-6 
resistivity variations in, 104-5 
thermal contraction of, 98 
uniformity of, 103 
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Zone leveler, 100, 102, 106 
Zone leveling, 85 
apparatus for, 101-3 
distribution coefficient during, of 
germanium, 87 
principles, 86 
solute concentration curves for, 
88 
solute distribution in, 88 
solvent-solute system, 87-8 
techniques, 101-3 
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Zone melting, 86 (see also: Zone level- 
ing) 
definition, 85 
of germanium, 85-6 
processes, 86 
zone refining methods of, 85 
Zone motion, 94 
Zone refining, 4, 8-10, 45, 86 
boat, 8 
crucibles, 8-10 
of germanium, 85 














